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In questa tesi sono stati analizzati i meccanismi molecolari alla base 
della sensitizzazione a lungo termine (LT), nella sanguisuga Hirudo 
medicinalis.  
 H. medicinalis rappresenta un buon modello sperimentale per 
studiare i vari e complessi aspetti della funzionalità del sistema 
nervoso (SN), apprendimento e memoria inclusi, poiché associa alla 
semplicità anatomica comportamenti complessi organizzati in circuiti 
neurali semplici.  
È stato utilizzato come atto comportamentale l’induzione al nuoto, 
ovvero l’induzione di un ciclo di nuoto in risposta ad un lieve stimolo 
elettrico (stimolo test) applicato sulla cute della porzione caudale 
dell’animale che aveva precedentemente subito la disconnessione 
microchirurgica del primo ganglio segmentale dal ganglio cefalico. 
Sottoponendo gli animali ad uno specifico protocollo di 
addestramento è stato possibile indurre sensitizzazione a breve (BT) e 
a lungo termine (LT). In una sessione di sensitizzazione, gli animali 
sono sottoposti a 4 stimoli test applicati ad intervalli random per 
valutare la risposta basale, quindi subiscono 15 spazzolate sul dorso 
(brushing) al termine delle quali viene nuovamente presentato lo 
stimolo test per tre volte ad intervalli di 5 minuti. Le risposte 
registrate dopo quest’ultimi risultarono potenziate rispetto alla 
risposta basale e tale potenziamento perdurava per almeno 40 minuti. 
Se gli animali, dopo essere stati sottoposti il primo giorno a una 
seduta di sensitizzazione, ricevevano nei 4 giorni successivi stimoli 
nocicettivi ripetuti, rappresentati da serie di 15 spazzolate ripetute per 
4 volte a distanza di 10 minuti, il sesto giorno durante una seconda 
sessione di sensitizzazione mostravano un incremento della risposta 
post brushing molto maggiore rispetto a quella registrata il primo 
giorno e tale potenziamento durava almeno 24 ore, indicando che era 
avvenuta sensitizzazione LT. Animali di controllo, sottoposti a 
sensitizzazione il primo e il sesto giorno ma solo manipolati a 
temperatura ambiente per la durata dell’applicazioni degli stimoli 
nocicettivi ripetuti durante i 4 giorni intermedi, il 6° giorno 
mostravano risposte agli stimoli test presentati dopo brushing del tutto 
sovrapponibili a quelle registrate il 1° giorno.  
 La somministrazione di cicloesimide, un inibitore della sintesi 
proteica, bloccava l’instaurarsi di sensitizzazione LT, suggerendo che 
la formazione ex-novo di proteine nel SN sia un meccanismo 
fondamentale per il consolidamento delle tracce mnemoniche 
nell’apprendimento LT.  
 L’analisi elettroforetica mediante SDS-PAGE condotta su pellet 
e surnatante ottenuti sonicando e in seguito centrifugando catene 
gangliari e ganglio caudale isolati da animali addestrati LT e di 
controllo, ha rilevato un diverso profilo proteico negli omogenati di 
tessuto nervoso ottenuti dagli animali sensitizzati LT rispetto agli 
animali di controllo. 
Pellet e surnatante ottenuti sia da animali sensitizzati LT che da 
animali di controllo sono stati iniettati in animali naïve (sottoposti 
soltanto alla disconnessione microchirurgica del primo ganglio 
segmentale dal ganglio cefalico), precedentemente sottoposti ad una 
sessione di sensitizzazione. In una seconda sessione di sensitizzazione 
eseguita un’ora dopo l’iniezione, solo gli animali che avevano 
ricevuto il pellet derivato da animali sensitizzati LT hanno mostrato 
un potenziamento della risposta allo stimolo test dopo brushing, simile 
a quello ottenuto dopo ripetute stimolazioni nocicettive. 
Analogamente a quanto precedentemente osservato dopo 
sensitizzazione LT, tale potenziamento perdurava per 24 h e non si 
aveva se il pellet era stato ottenuto da omogenato di tessuto gangliare 
di animali sensitizzati LT e iniettati quotidianamente con cicloesimide 
10 µM.  
 Campioni di pellet ottenuto da omogenati derivati da catene 
gangliari di animali sensitizzati LT e di animali di controllo sono stati 
analizzati tramite cromatografia size-exclusion che permette la 
separazione delle molecole organiche in base al loro peso molecolare. 
L’analisi ha evidenziato spettri di assorbanza delle proteine a 280 nm 
diversi tra pellet derivati dall’omogenato di animali sensitizzati LT e 
di animali di controllo.  
In seguito alla costruzione di una curva di taratura tramite iniezione 
nella colonna cromatografica di proteine a peso molecolare noto, sono 
stati evidenziati, in 7 campioni distinti, picchi di assorbanza 
corrispondenti a vari pesi molecolari (> 50 kDa a 5.42 min; circa 17,5 
kDa a 7.89 min; circa 11 kDa a 9.18 min.) presenti esclusivamente nel 
pellet di animali sensitizzati LT e non in quello dei controlli. Sono 
state raccolte varie frazioni in un range di 5-12 minuti corrispondenti 
ai diversi picchi di assorbanza osservati e sono state iniettate in 
animali naïve precedentemente sottoposti ad una sessione di 
sensitizzazione. In una seconda sessione di sensitizzazione condotta 
un’ora dopo l’iniezione, gli animali trattati con la frazione di pellet 
ottenuto da animali sensitizzati LT corrispondente al peso molecolare 
di circa 11 kDa e indicata come frazione 8, hanno mostrato un 
potenziamento della risposta post brushing analoga a quello osservato 
dopo training LT, mentre le altre frazioni iniettate non hanno indotto 
effetto. Questi risultati hanno dunque evidenziato il coinvolgimento di 
proteine di circa 11kDa nell’instaurarsi dell’apprendimento LT. 
Questo dato è stato convalidato anche dall’analisi cromatografica a 
fase inversa effettuata sulla frazione 8 di animali sensitizzati LT, in 
cui sia gli spettri di assorbanza a 280 nm sia gli spettri di fluorescenza 
hanno indicato la presenza di tre picchi presenti nella frazione 8 degli 
animali LT e non nei controlli. Infine, l’analisi FTRI ha mostrato 
spettri nell’infrarosso tipici di proteine.  
È attualmente in corso l’analisi proteomica per identificare la 
sequenza nucleotidica di queste proteine.  
 
ABSTRACT 
 
In this work we have analyzed the molecular mechanisms underlying 
long-term (LT) sensitization in the leech Hirudo medicinalis. 
 H. medicinalis is a useful experimental model to study the 
different and complex functions of the nervous system, including 
learning and memory, because its simple anatomical structure is 
related to complex behaviors organized in well known neural circuits.  
 In our sensitization paradigm, we evaluated the responses to a 
weak electrical shock (test stimulus) applied onto the tail, before 
(basal response) and after a single nociceptive stimulation (brushing) 
delivered onto the back of the animal. After brushing the responses 
resulted potentiated and this potentiation lasted about 40 minutes so 
indicating that short-term sensitization occurred. After a sensitization 
session performed the day 1, repeated brushing were delivered for 4 
consecutive days, and in the day 6 leeches again trained to a 
sensitization session exhibited a stronger potentiation of the 
responses to the test stimulus in comparison with the one exhibited in 
the day 1. This potentiation lasted 24 hours so that LT sensitization 
occurred. 
We have observed that daily administrations of 10 µM 
cycloheximide, a protein synthesis inhibitor, blocked LT 
sensitization, suggesting that “ex novo” protein synthesis in the 
nervous system is a fundamental mechanism for the consolidation of 
memory traces.  
 To detect what kind of proteins were involved in this process, 
ganglionic cords dissected out from both LT sensitized and control 
animals (which did not receive repetitive nociceptive stimulation) 
were homogenized. The obtained material was centrifuged and 
physically separated in surnatant and pellet and SDS PAGE analysis 
was performed. This analysis showed a different expression of 
proteins < 17 kDa in pellet and surnatant of LT trained leeches 
compared to control. 
 We injected both surnatant and pellet into naïves leeches (subject 
only to microsurgical disconnection of the first segmental ganglion 
from the cephalic ganglion) previously trained to a sensitization 
session: in a second sensitization session performed one hour after 
injection, we observed that, only the leeches receiving pellet from LT 
sensitized animals exhibited a potentiation of responses to test 
stimulus after single brushing similar to the one obtained after 
repetitive brushing. As well as in LT sensitization, this potentiation 
persisted for 24 h and did not occur if the pellets were obtained from 
animals LT trained and daily injected with 10 µM cycloheximide. 
These results suggested that in the pellet was contained a pool of 
proteins involved in LT memory. 
 Then, pellets from LT and control leeches were analyzed by 
liquid chromatography and injected in size exclusion column. 
The obtained absorbance chromatograms at 280 nm showed 
differences of the intensities of the peaks at 5.42, 7.89 and 9.18 
minutes retention time. These differences were evident also in the 
difference chromatograms obtained by subtracting the elution profile 
of control pellets from that of LT sensitized pellets. On the basis of 
SEC column calibration these retention time corresponded to high 
molecular weight compounds (> 50 kDa, the peak at 5.42 min), 
compounds with molecular weight around 17 kDa (the peak at 7.89 
min) and around 11 kDa (the peak at 9.18 min). 
Fractions were collected in the range 5 - 12 minutes and tested in 
naïves leeches previously subjected to a sensitization session. Only the 
fraction between 9 and 10 minutes retention time from pellets of LT 
leeches, corresponding to an 11 kDa molecular weight, in a second 
sensitization session performed an hour after injection, gave a 
physiological response, analogous to LT sensitization process. 
 Reverse phase chromatography analysis showed three peaks, 
that are clearly present in the absorbance and fluorescence 
chromatograms of sensitized animals but not present in controls. Also 
the FTIR analysis showed an infrared spectrum typical of protein in 
fraction collected from sensitized animal. 
 Altogether these data suggest the involvement of proteins of 
about 11 kDa in LT sensitization and provide the basis for the 
proteomic analysis which is actually underway to characterize these 
proteins. 
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1. INTRODUCTION 
 
 Learning and memory are closely related concepts. Learning is 
the acquisition of skill or knowledge, while memory is the expression 
of what it has been acquired.  
 The study of learning is central to understanding both normal 
and abnormal behavior. A major task for the learning neurobiology is 
to determine how alterations in the brain are related to behavioral 
changes and what are the mechanisms underlying the plastic changes. 
At this end, several simplified vertebrate and invertebrate animal 
preparations are being investigated. 
Because learning is thought contributing to genesis of certain mental 
and somatic diseases, principles governing learning, which have 
emerged from laboratories studies, are used in the treatment of 
patients with these diseases. Moreover, behavioral techniques based 
on learning are now used widely in neurobiological and clinical 
research to assess the effects of brain lesions and drugs.   
Two kinds of memory are known; the former is the short-term 
(ST) memory, a brief retention (minutes, hours) of conscious 
information, which is supported by the transient or non-stabilized 
post-translational modification of preexisting molecules that alters the 
efficiency of synaptic transmission in plastic neural networks (Parvez 
et al., 2006). When, as a consequence of saliency of information to be 
remembered, and/or repetition of experience, such changes persist, 
long-term (LT) memory occurs. In LT memory several necessary 
molecular steps can be activated, and the synthesis of new proteins 
and structural changes occur in relevant neurons and synapses 
(Alberini, 2009; Bailey et al., 1996; Costa-Mattioli et al., 2009; Lee et 
al., 2008). Protein synthesis has long been known to be required for 
learning to consolidate into LT memory lasting days, weeks, or even a 
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lifetime. The ex-novo synthesis of proteins in LT memory requires the 
activation of second messengers by an appropriate signaling event and 
the amplification and translocation of this signal to the nucleus (Abel 
& Lattal, 2001; Bailey et al., 1996; Cobb & Pitt, 2008; Lee et al., 
2008).  
 Since LT memory formation is a complex process that involves 
numerous proteins, the identification of those proteins is a challenging 
task. 
 Attempts to understand the memory persistence mechanisms 
require multiple methodological approaches, such as chemical, 
biochemical and ethological investigations.  
In the present study, we have chosen to investigate a reductionist 
model of memory formation in Hirudo medicinalis (H. medicinalis). 
In particular, we analyzed the swimming induction behavior which is 
known to be affected by simple forms of non-associative learning, 
including sensitization (Brodfuehrer & Friesen, 1986a; Scuri et al., 
2007; Zaccardi et al., 2001; Zaccardi et al., 2004). Sensitization is a 
slightly more complex form of non associative learning characterized 
by a strengthening of the response to a neutral stimulus following a 
noxious (sensitizing) one.  
 In this study a multi-disciplinary experimental approach was 
used to analyze the protein pattern involved in LT sensitization of 
swimming induction by performing behavioral trials and 
chromatographic analysis. 
 
 
1.1 LEARNING AND MEMORY 
Few mental processes are as intriguing as memory. Neurobiological 
studies reveal that memory is not a single process, but can be divided 
into at least two types: declarative and non declarative. (Fig. 1-1) 
 3 
 
 
 
Fig. 1-1: Schematic representation of memory classification 
 
 Declarative memory is what is ordinarily meant by the term 
memory. It depends on the integrity of the medial temporal lobe and 
affords the capacity for conscious recollections about facts and events. 
Declarative memory is propositional; it can be either true or false. It is 
involved in modeling the external world and storing representation 
about fact and episodes. 
 Non declarative memory is neither true nor false. It underlines 
changes in skilled behavior and the ability to respond appropriately to 
stimuli through practice, as the result of conditioning or habit learning. 
Habit memory refers to gradually acquired disposition or tendencies 
that are specific to a set of stimuli and guide behavior (Packard & 
Packard, 1989; Knowlton et al., 1996). 
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Non declarative memory also includes changes in the ability to detect 
or identify objects as the result of recent encounters, a phenomenon 
known as priming. 
In the case of non declarative memory, performance changes as the 
result of experience, which justifies the term memory, but 
performance changes without providing conscious access to any prior 
episodes. (Squire et al., 1993; Schacter & Tulving, 1994). 
 Psychologists study learning by exposing animals to 
information about the world, usually specific types of controlled 
sensory experience. Two major procedures (or paradigms) have 
emerged from such studies, and these procedures give rise to two 
major classes of learning: associative and non associative learning. 
In associative learning the organism learns about the relationship of 
the stimulus to another (classical conditioning) (Pavlov, 1927) or 
about the relationship of a stimulus to organism’s behavior (operant 
conditioning) (Skinner, 1938). 
Non associative learning results when the animal is exposed once or 
repeatedly to a single type of stimulus. This procedure provides an 
opportunity for the animal to learn about the properties of the 
stimulus. 
Two forms of non associative learning are very common in everyday 
life: habituation and sensitization.  
Habituation is a decrease in a behavioral response to the repeated, non 
noxious stimulus (Thompson & Stent, 1966). 
Sensitization is an increased response to a wide variety of stimuli 
following an intense or noxious stimulus. Moreover, a sensitizing 
stimulus can override the effect of habituation: this process is called 
dishabituation (Groves, et al., 1970). 
Many forms of non declarative memory, such as habituation, 
sensitization, and classical conditioning, are phylogenetically ancient 
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and well developed in invertebrate animals (Milner et al., 1998), so 
justifying the use of invertebrate experimental models in the study of 
the bases of learning. 
 According to their temporal stability, memories can be 
distinguished as either short (ST) - or long-term (LT). ST memory 
lasts for seconds to minutes, while LT memory lasts for days, weeks, 
years and even a lifetime. 
A memory becomes long-lasting through a process known as 
consolidation, which transforms newly learned information into stable 
modifications, the nature of which still remains to be fully discovered. 
During the initial phase of consolidation, memories are labile and can 
be disrupted by interference such as trauma, other learning, seizure 
and administration of drugs, including protein and RNA synthesis 
inhibitors (Dudai & Eisenberg, 2004; Squire & Alvarez, 1995). Once 
the process of consolidation is completed, consolidated memories are 
stable and insensitive to these interferences and they cannot be 
‘undone’ and are lost only if their site of storage is physically 
damaged or if they decay by forgetting. 
  
 
1.2 LONG TERM LEARNING 
ST and LT memories are accompanied by different biological states 
and mechanisms of retention and therefore are thought as two distinct 
forms of memory. ST memory is the retention of information for a 
brief time without creation of neural changes for later recall. In 
contrast, LT memory occurs when, as a consequence of learning, 
changes in neural pathways take place for the storage of information 
that can be recalled weeks, months, or even years later.  
During the initial phase of consolidation, memory formation can be 
prevented or disrupted by various interferences, including additional 
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learning, seizure, trauma, brain cooling, neuronal inactivation, brain 
lesions or inactivation, inhibition of transcription or specific 
transcription factors, and inhibition of translation or selective 
blockade of certain molecular pathways. Once memory is stabilized, it 
is not forever insensitive to disruption but can again become 
temporally labile if reactivated, for example, by recall. 
 In a great number of studies done over the last 50 years, an 
important biological feature distinguishing ST from LT memory has 
been assessed: only LT memory depends on a temporally limited 
phase of RNA and protein synthesis. If RNA or protein synthesis is 
blocked before or immediately after training, LT memory formation is 
disrupted (Davis & Squire, 1984). Translational inhibitors such as 
cycloheximide (Agin et al., 2003; Gotthard & Knoppel, 2010) and 
inhibitors of transcription have been used in several learning tasks and 
different species (Squire, 1995), to verify that transcription, like 
translation, is an essential step for memory formation (Gold, 2008; 
Klann & Sweatt, 2008).  
Given that transcription is an essential step for both memory 
consolidation and reconsolidation, it is important to assess how it 
contributes to the neuronal changes. This can be accomplished by 
underlying the whole process of memory formation, the transcription 
factors that are involved, the genes that are ultimately regulated and 
required to mediate memory formation, how transcription is regulated 
over time and whether it is possible changing the pattern of 
transcription and regulate the intensity of memory retention. Such 
questions have been the focus of many studies, which, since the 
1960s, have attempted to elucidate the biological bases underlying 
memory formation. 
 The hypothesis that synaptic plasticity is a critical component of 
the neural mechanisms underlying learning and memory is now 
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widely accepted (Milner et al., 1998; Morris et al., 2003). Within this 
conceptual framework, plastic changes involve a sequence of specific 
cellular processes (Bailey, 1999; Davis & Squire, 1984, Nguyen et al., 
1994), which usually begins with the activation of receptors on certain 
neurons, normally associated with short term synaptic efficacy 
changes, which are based on receptor phosphorylation and recycling; 
these early changes are followed by alterations in gene expression, 
protein synthesis and structural changes (Dudai, 2002). Recent 
findings in this field propose that consolidation and persistence of LT 
memories require the modulation of gene expression, which can 
culminate in synaptic remodeling (Morgado-Bernal, 2011).  
The process of memory consolidation has been likened to a dialog 
between genes and synapses (Kandel, 2001). As a result of this dialog, 
new dendritic spines are formed and maintained, providing a 
persistent structural change upon which LT memory can be 
established (Engert & Bonhoeffer, 1999). Changes related to memory 
include not only the formation of new spines but also the enlargement 
of spine heads and the pruning of spines. An elegant work (Matsuzaki 
et al., 2004) on single spines of hippocampal CA1 pyramidal neurons 
showed that some dendritic spines learn to be “spines that remember” 
(Bourne & Harris, 2007). 
The structural changes underlying LT memory are strongly dependent 
on transcription and protein synthesis. 
The first molecular pathway essential for memory consolidation has 
been described in invertebrate species. Studies in both Aplysia and 
Drosophila systems led to the same conclusions after independently 
demonstrating that several components of the cyclic adenosine 
monophosphate (cAMP) activation pathway, converging on the 
transcription factor cAMP response element-binding protein (CREB), 
are required for LT memory formation, but dispensable for ST 
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memory. In addition, it was found that one of the first events that 
takes place downstream of CREB activation is the induction of 
members of yet another family of transcription factors, the (CREB)-
CCAAT enhancer-binding proteins (C/EBPs) (Kandel, 2001).  
 In Aplysia both ST and LT facilitation are mediated by the 
action of the neurotransmitter serotonin (5-HT), which is released in 
vivo by regulatory interneurons and which acts on the serotonin 
receptors of the sensory neurons. Sensory neurons respond to 5-HT 
with an increase in cAMP level and the activation of cAMP-dependent 
protein kinase (PKA), which is both essential for ST- and LT 
facilitation. As in the case of behavioral memory, while ST facilitation 
is mediated by PKA-dependent phosphorylation and other post-
translational modifications of synaptic proteins, LT facilitation is 
associated with the translocation to the nucleus of PKA catalytic 
subunits and requires the activation of gene expression during a brief, 
initial period (Bacskay et al., 1993; Castellucci et al., 1989; Ghirardi 
et al., 1995; Montarolo et al., 1986). Experimental gene cloning and 
manipulation carried out in using the in vitro model elegantly 
demonstrated that LT facilitation requires the activity of transcription 
factors belonging to CREB family (Alberini et al., 2006; Bartsch et 
al., 1995; Lee et al., 2008). 
 Neurotransmitter release, growth factors, and membrane 
depolarization are some of the stimuli activating the intracellular 
signal transduction pathways, which can lead to the activation of the 
CREB-dependent cascade. An important step of this activation is the 
phosphorylation of CREB (pCREB), particularly on its Ser-133 
residue. The functional activation of CREB leads to the expression of 
target genes, among which there are immediate early genes (IEGs), 
such as the transcription factor C/EBP, which, in turn, presumably 
regulates the expression of late response genes. 
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 Studies targeting the same pathway in mammals demonstrated 
that the cAMP-PKA-CREB-C/EBP pathway is an evolutionarily 
conserved mechanism required for LT memory consolidation of both 
explicit and implicit memories (Athos, 2002; Bourtchuladze et al., 
1994).  
In mammals the situation is complicated by the existence of several 
alternatively spliced and heterodimerizing CREB-like transcription 
factors, but CREB and CRE-driven transcription appear to have a 
similarly central role (Wood et al., 2005). 
 Studies in both Aplysia and the hippocampus have revealed the 
importance of memory suppressor genes, whose function is to limit 
synaptic strengthening in ST or LT. Interference with such molecules 
enhances synaptic plasticity, and in some cases enhances learning and 
memory (Wood et al., 2005). In Aplysia, this was first shown with the 
inhibitory transcription factor CREB2. Interference with CREB2 
enhances long-lasting facilitation, such that weaker synaptic 
stimulation can lead to long-lasting change (Lee et al., 2008). In the 
mouse hippocampus, works suggest that interference with activating 
transcription factor (ATF4), the mammalian homologue of Aplysia 
CREB2, can likewise enhance LTP and potentiate hippocampus-
dependent learning (Chen et al., 2003). 
The presence of memory suppressor genes in multiple forms of lasting 
plasticity identifies them as important and perhaps conserved 
regulators. 
The nature of the target genes regulated by CREB and C/EBPs still 
remains to be identified. However, because LT memory is 
accompanied by synaptic morphological changes, which also depend 
on the activation of CREB (O’Connell et al., 2000), it has been 
hypothesized that some of the target genes regulated by this pathway 
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are involved in long-lasting structural modifications of synaptic 
contacts (Bailey et al., 1996) 
 Therefore, the families of transcription factors that are found to 
be critically involved in synaptic plasticity and memory formation 
include, besides CREB, C/EBP, activating protein 1 (AP-1), early 
growth response factor (Egr) and Rel/nuclear factor kB (Rel/NFkB) 
(Alberini, 2009). 
The transcription factor AP-1 is composed of b-zip dimers of 
members of the Jun, Fos and ATF families (Hai et al., 2001). A 
multitude of stimuli and environmental insults including cytokines, 
stress, and growth factors can regulate a considerable number of 
intracellular processes that critically involve AP-1. The appropriate 
composition of subunits in the AP-1 dimer is determined by the nature 
of the extracellular stimulus and by the mitogen-activated protein 
kinase (MAPK) signaling pathway that is consequently activated. Both 
correlative and functional studies have provided evidence of the 
function of AP-1 in the formation of several types of LT memories. 
 Expression of multiple NFkB family members has been found 
in different types of cells in the central nervous system (CNS). Only a 
relatively small number of NFkB target genes have been found in 
neurons; these include Ca++/calmoduline kinase II δ (CaMKII δ), 
brain-derived neurotrophic factor, µ-opioid receptors, neural cell 
adhesion molecule, inducible nitric oxide synthetase and amyloid 
precursor protein (Romano et al., 2006). In vivo experiments on 
different species have shown that NFkB is critically important in 
several types of LT memories. In the crab Chasmagnathus, 
habituation of the escape response elicited by a fear stimulus (passage 
of an opaque figure representing a potential predator) correlates with 
an increase in the activated form of an NFkB homolog in brain nuclei 
and isolated synapses (Freudenthal & Romano, 2000). Also, injection 
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of an IkB kinase complex inhibitor blocks NFkB activation and 
disrupts the escape memory, indicating that NFkB is essential for this 
memory (Merlo et al., 2002). Further studies provided evidence that 
NFkB is also recruited for reconsolidation of the crab escape memory, 
since blocking NFkB after memory recall results in amnesia (Merlo et 
al., 2005).  
Similar results have been obtained with mammalian memory systems. 
Mice lacking the p65 subunit of NFkB and tumor necrosis factor 
receptor 1, which are necessary for survival of the p65 knockout, have 
impaired spatial radial maze memory (Meffert et al., 2003). Further 
evidence has confirmed that NFkB has a critical function in memory 
reconsolidation in mammals. 
 The transcription factor zif 268 belongs to the Egr family; it is 
also known as Krox24, NGF-I-A, Egr-1, TZs8 and Zenk. It was first 
discovered as an immediate early gene regulated by nerve growth 
factor and in response to serum treatment. 
Members of the Egr family show a similar pattern of basal expression. 
Except for Egr2, which is predominantly localized in the nucleus, the 
family is expressed in the nucleus and cytoplasm (Mack et al., 1992). 
The expression of zif 268 seems to be regulated in response to various 
behaviors, including learning and memory. Zif 268 is rapidly 
regulated after associative learning such as song learning in birds, 
fear-conditioning and spatial learning in rats, and visual-paired 
association in monkeys (Guzowski et al., 2001; Tokuyama et al., 
2002). 
Genetic studies in mice have also supported the conclusion that zif 
268 is critical for memory formation. Zif 268 knockout mice show 
impaired LT memories but intact ST retention. LT memory deficits 
have been found in various tasks, including spontaneous alternation, 
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social transmission of food preference, object recognition, spatial 
learning and conditioned taste aversion (Jones et al., 1999). 
 For a synaptic trigger, leading to gene induction in the nucleus 
requires the transmission of a signal along the length of the dendrite 
that has often a considerable distance. In Aplysia, the synaptic 
stimulation inducing sensitization activates several kinases, which can 
physically move into the nucleus to act on nuclear substrates. After 
sufficiently robust and repeated synaptic stimulation with the 
modulatory transmitter 5-HT, the catalytic subunit of PKA moves to 
the nucleus, where it can participate in late phase processes (Alberini 
et al., 2006; Silva et al., 1998). PKA activates the p42 MAPK, which 
can likewise move to the nucleus and phosphorylate nuclear targets 
(Waltereit & Weller, 2003 ) (Fig.1-2).  
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig.1-2. Long-term storage of implicit memory for sensitization (Kandel et al., 2000)  
 
 13 
Similar mechanisms also occur in other animal models, indicating that 
there is a clear possibility that the general neural mechanisms 
underlying the behavior are similar in all animals with CNS. 
In the mouse, the activation of kinases, by repetitive synaptic 
stimulation or by the action of modulators transmitters such as 
dopamine, also mediates signaling to the nucleus during Schaffer 
collateral long-term potentiation (LTP). LTP is a long-lasting 
enhancement in signal transmission occurring between two neurons 
that are synchronously stimulated (Fig.1-3). 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig.1-3. LTP in the hippocampus. (A) Experimental setup for demonstrating LTP in the 
hippocampus. The Schaffer collateral pathway is stimulated to cause a response in 
pyramidal cells of CA1. (B) Comparison of EPSP size in early and late LTP with the 
early phase evoked by a single train and the late phase by 4 trains of pulses. (Kandel et 
al., 2000). 
 
PKA and protein kinase C (PKC) are involved in late long-term 
potentiation (L-LTP) (Abel & Nguyen, 2008). The role of the MAPK 
cascade, however, is clearly conserved: MAPK is activated by robust, 
repeated synaptic stimulation, is necessary for L-LTP and appears to 
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gain access to nuclear substrates by physically moving into the 
nucleus upon activation (Patterson et al., 2001) (Fig.1-4).  
Mammals thus recapitulate at least some aspects of the signaling from 
synapse to nucleus, already seen in Aplysia. 
 
 
Fig.1-4. For LTP to last (Late LTP) the molecular events must also lead to changes in 
protein synthesis and to formation of new synaptic connections. (Kandel et al., 2000.) 
 
 Once the inducing signal has been transmitted to the nucleus, 
regulated transcription factors must be activated to induce gene 
expression and protein synthesis. 
 In different experimental model and behavioral task the role of 
protein synthesis in LT memory has been now assessed. The first 
experiments in Aplysia revealed a requirement for local synthesis of 
proteins in the establishment of long-lasting plasticity starting from 
1990’s years (Barzilai et al., 1992). In the fruit fly Drosophila the 
protein synthesis requirement for LT memory was examined for 
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conditioned odor avoidance following massed and spaced training. 
Flies trained with a temporally spaced protocol displayed improved 
LT memory compared with flies trained with a temporally massed 
protocol, and this improvement was blocked by pharmacological 
inhibition of protein synthesis (Lagasse et al., 2009).  
Studies on Hermissenda crassicornis (Epstein et al., 2003) and 
Lymnaea stagnalis (Sangha et al., 2003), have shown that either the 
translation inhibitor anisomycin or the transcription inhibitor 
actinomycin-D could be used to block LT memory.  
The Crab chasmagnathus was used to establish the effect of 
cycloheximide (CY), an inhibitor of protein synthesis, on LT 
habituation. The admistration of CY in Crab blocked learning and 
produced changes in protein synthesis (Peidreira, 1995). 
Other experiments have been performed by administering CY. Agin et 
al. (2003) studied the time-dependent effects of cycloheximide on LT 
memory in cuttlefish. When shown prawns in a glass tube, cuttlefish 
Sepia officinalis promptly learn to inhibit their predatory behavior and 
retain this ability for a long time. Intravenously injection of CY 
immediately, 1 h, 3 h, 4 h or 6 h after the training revealed one period 
of memory sensitivity to pharmacological intervention. CY 
administered immediately or 6 h after training has no effect on LT 
memory. Conversely, injections given between 1 and 4 h post training 
resulted in amnesia. This study established that de novo protein 
synthesis is an essential and time-dependent event for LT memory 
formation of this form of learning (Agin et al., 2003). 
 LT memory for hippocampus-dependent contextual fear 
conditioning has recently resulted to be critically dependent on protein 
synthesis (Motanis & Maroun, 2012; Federighi et al., 2011). 
Along this line of evidence, phosphoproteins regulated by Pavlovian 
conditioning have been identified using two-dimensional 
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electrophoresis (2DE) in conjunction with 32P labeling, fluorescence 
based phosphoprotein in-gel staining, and mass spectrometry. This 
study carried out in lysates of Hermissenda crassicornis nervous 
system shows that proteins involved in diverse cellular functions such 
as transcriptional regulation, cell signaling, cytoskeletal regulation, 
metabolic activity and protein degradation, contribute to long-term 
post-translational modifications associated with Pavlovian 
conditioning (Crow & Xue-Bian, 2010). 
More recently, in a study on Lymnaea stagnalis, the researchers have 
used a quantitative proteomic method to identify novel memory-
associated proteins in neural tissue taken from animals that were 
trained in vivo to form LT memory. They identified 8 proteins that 
were significantly up-regulated and 13 that were significantly down-
regulated in the LT trained animals, as compared to two different 
control groups. In addition, 19 proteins unique to the trained animals 
and 12 unique proteins found only in the control animals (Rosenegger 
et al., 2010) were discovered. Both results confirm the involvement of 
previously identified memory proteins such as: isoform ε PKC, 
adenylate cyclase 8 (AC8) and proteins in the mitogen-activated 
protein kinase (MAPK) pathway. 
PKC ε is important for synaptogenesis. The high abundance of PKC ε 
in presynaptic nerve fibers suggests a role in neurite outgrowth, 
synapse formation and neurotransmitter release (Yang et al., 2011). 
PKC-ε resulted uniquely expressed in LT trained animals but not 
detected in either of the controls. 
Ca2+-stimulated adenylyl cyclases (ACs) transduce neuronal 
stimulation-evoked increase in calcium to the production of cAMP, 
which impinges on the regulation of many aspects of neuronal 
function.  
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Type 1 and type 8 AC (AC1 and AC8) are the only ACs to be directly 
stimulated by Ca2+. The activity-dependent up regulation of the 
enzymatic activity of AC8 may be pivotal for the activation of many 
signaling molecules, such as PKA, ERK, and CREB, which play 
essential roles in regulating synaptic plasticity (Nguyen & Woo, 
2003). AC8 is required for the acquisition of newer spatial 
information and working/episodic-like memory. (Zhang et al., 2008). 
In that analysis, AC8 was found to have increased expression in LT 
animals as compared to the controls.  
In addition that work (Rosenegger et al., 2010) has provided novel 
protein candidates, such as UHRF1 binding protein. This protein binds 
to specific DNA sequences, and recruits a histone deacetylase to 
regulate gene expression (Avvakumov et al., 2008).  
 Finally, more recently, studies in vertebrate have confirmed that 
transcription is promoted also by epigenetic events such as specific 
chromatin modifications (Kouzarides, 2007). 
Epigenetic control, which largely involves events of chromatin 
remodeling, appears to be one way in which transcriptional regulation 
of gene expression can be modified in neurons. Epigenetic control in 
the mature nervous system may guide dynamic plasticity processes 
and long-lasting cellular neuronal responses (Borrelli et al., 2008). 
With the modification of certain enzymes, such as histone 
acetyltransferases (HATs) and histone deacetylases (HDACs), it is 
possible to regulate the state of acetylation on histone tails. In general, 
histone acetylation promotes gene expression, whereas histone 
deacetylation leads to gene silencing. Together, these findings 
demonstrate a critical role for HDACs in the molecular mechanisms 
underlying LT memory formation (McQuown et al., 2011). 
Numerous studies have shown that a potent HAT, cAMP response 
element-binding protein (CREB)-binding protein (CBP), is necessary 
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for long-lasting forms of synaptic plasticity and LT memory (Barrett 
& Wood, 2008). 
 
 
1.3 THE EXPERIMENTAL MODEL: HIRUDO MEDICINALIS 
The medicinal leech has been used as an important experimental 
preparation for neuroscience research since the late 19th century. 
Initial anatomical and developmental studies dating back more than 
100 years ago were followed by behavioral and electrophysiological 
investigations in the first half of the 20th century. More recently, 
intense studies (Kristan et al., 2005; Brodfuehrer & Thorogood, 2001) 
of the neuronal mechanisms underlying leech movements have 
resulted in detailed descriptions of six behaviors namely: heartbeat, 
local bending, shortening, swimming, crawling, and feeding.  
 Some of the reasons that make Hirudo medicinalis so useful for 
the identification of behaviorally relevant neuronal systems are: 
1. The leech nervous system is relatively simple (Fig. 1-5A) and 
readily accessible even while the animal is behaving in a variety of 
semi-intact preparations (Fig. 1-5B), so that it possible to relate motor 
patterns directly to behaviors. 
2. The neurons are easily visible and readily identified, based on the 
location of their somata (Fig. 1-5C), morphology (Fig. 1-5D) and 
electrophysiological properties. 
3. The nervous system is iterated, with homologous neurons found in 
most, if not all, 21 segmental ganglia. So despite having more than 
10,000 neurons, the functional unit (i.e. the number of different kinds 
of neurons) of the leech CNS is relatively small. For instance, there 
are only 400 neurons per segmental ganglion (Kristan et al., 2005; 
Macagno, 1980), and most of them are paired.  
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4. Most neurons in the CNS are unique rather than members of 
functionally identical clusters. Hence activating or ablating single 
neurons (irreversibly by killing or reversibly by hyperpolarization) has 
often behaviorally detectable consequences. Because of these 
favorable features, it is possible to identify every neuron that 
contributes substantially to any leech behavior. 
 
1.3.1 Anatomy  
Leeches are segmented worms that belong to the phylum Annelida and 
comprise the subclass Hirudinea. Unlike most other annelids, leeches 
have a fixed number of 32 segments plus an anterior and posterior 
non-segmental region called prostomium. The prostomium and the 
most anterior four segments form the head and the most posterior 
seven segments form the tail. There are a variety of specializations in 
the head and tail, the most striking of which are the suckers.  
The anterior end is used to explore the environment, so that the 
anterior sucker is typically attached only when the leech is crawling or 
feeding.  
 The body is a tube formed by epidermis and muscles, which 
encases the internal organs: the gut and intestines, the nephridia and 
urinary sacs, the reproductive organs, the blood vessels and the 
nervous system (Fig. 1-6A). The leech CNS consists of a ventral nerve 
cord (Fig. 1-6A), composed of 21 ganglia and four anterior ganglia 
fused during embryogenesis to form a subesophageal ganglion, and a 
supraesophageal ganglion, which together form the cephalic ganglion; 
similarly, the last seven ganglia in the chain are fuse embryonically to 
form the caudal ganglion.  
 Each segment contains a single ganglion, which communicates 
with the adjacent anterior and posterior ganglia via three connectives 
(a pair of large lateral connectives and a smaller medial connective, 
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known as Faivre’s Nerve (Macagno, 1980) (Fig 1-6A). All neurons in 
the leech CNS are monopolar: a single process extends from each 
soma. 
There are only 400 neurons per segmental ganglion (Kristan et al., 
2005; Macagno, 1980) (Fig. 1-5C) arranged in circuits that underline 
the behaviors. They are distinguished in sensory cells, interneurons 
and motor neurons.  
There are also mechanoreceptors with somata in the CNS (Nicholls & 
Baylor, 1968) that have free nerve endings in the skin (Pinato & 
Torre, 2000.) and respond to different intensities of stimulation to the 
skin: light touch (T cells), pressure (P cells), and noxious stimuli (N 
cells). These neurons have primary receptive fields within their own 
segment, and secondary ones (via axons through connectives) in both 
anterior and posterior adjacent segments. There are three pairs of T 
cells and two pairs of P cells. The receptive fields of these cells divide 
up the body wall into roughly equal, overlapping receptive fields 
around the circumference of the animal. There are two pairs of N cells 
in each ganglion, each of which innervates half the ipsilateral body 
wall. All N cells respond to noxious mechanical stimuli, but the two 
on each side differ in their responses to other stimuli, such as heat and 
low pH (Pastor et al., 1996). 
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Fig. 1-5. Anatomy of the medicinal leech and its nervous system. (A) Schematic diagram 
of the leech, showing the major features of its nervous system. There are 21 segmental 
homologous midbody ganglia, numbered M1–M21. The anterior brain (inset) consists of 
a supraesophageal ganglion (sup.) that is part of the prostomium, plus a subesophageal 
ganglion (sub.), which forms from the coalescence of the four most anterior embryonic 
ganglia that are visible in the adult brain as neuromeres 1–4. (B) Types of preparations 
used to study the neuronal bases of leech behaviors: intact animals (top panel); semi-
intact preparations (example in middle panel); isolated nervous system (bottom panel), in 
its entirety or in pieces, which are the most useful preparations for electrophysiological 
characterizations of neuronal properties and synaptic connections. (C) Schematic view of 
the ventral surface of a midbody ganglion, indicating the arbitrary numbering scheme 
used to identify ganglionic neurons. Most midbody ganglia have the same neurons and 
locations of the soma. The dotted lines indicate the packet margins formed by the six 
giant glial cells, each of which encapsulates characteristic clusters of neuronal somata. 
The scale bar (200 µm) indicates the size of a midbody ganglion in a mature leech 
weighing 2–5 g. The functions of about a third of the neurons are known. (D) Structure of 
a single neuron. Dye, injected into the soma, diffused into the processes in the center of 
the ganglion, where all synaptic contacts are made. This region is termed the neuropil. 
This neuron, cell 208, has extensive, bilaterally symmetric branches and sends a single 
axon posteriorly down one of the two lateral connectives. Based upon the location of its 
soma and its branching pattern, each neuron has a distinctive morphology. The scale bar 
in D represents 100 µm. (Kristan et al., 2005). 
 
 The interneurons were identified largely by methodically 
searching for neurons associated with the specific behaviors such as 
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heartbeat (Thompson & Stent, 1976; Norris, 2007), local bending 
(Lockery & Kristan, 1990), shortening (Shaw & Kristan, 1995), 
swimming (Friesen et al., 1978; Weeks, 1982a,b,c; Friesen, 1985; 
Brodfuehrer & Friesen, 1986a,b), crawling (Eisenhart et al., 2000), 
reproduction (Zipser, 1979) and feeding (Zhang et al., 2000). 
 Each motor neuron connects to a single muscle type and only to 
muscle fibers on either the left or right side of its own segment, and 
then only to a regional subset of muscle fibers (Stuart, 1970). The 
muscles used by the leech to make overt movements are of four types: 
longitudinal, circular, oblique and dorso-ventral. Contractions of each 
of these muscles produce characteristic types of movements: 
longitudinal muscle contractions produce shortening, circular muscle 
contractions produce a reduction in cross-section and elongation, 
oblique muscle contractions cause stiffening at an intermediate body 
length, and dorso-ventral muscle contractions cause flattening of the 
body and contribute to elongation.  
This ability to identify a particular neuron in segment after segment 
and in animal after animal has greatly aided the characterization of 
neuronal circuits. 
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Fig. 1-6. Schematic views of a leech midbody segment. (A) Cut-away view of the middle 
of a leech, showing the location of the central nervous system, major peripheral nerves, 
blood vessels, viscera, and musculature. Each midbody ganglion connects to adjacent 
ganglia via connectives and to the periphery through characteristic nerves. The four major 
longitudinal blood vessels (heart tubes) connect to one another via circumferential blood 
vessels. The lateral longitudinal blood vessels are contractile and serve as hearts. The 
ventral nerve cord is suspended in the ventral blood vessel, which, like the dorsal vessel, 
is passive. (B) A simplified schematic diagram, emphasizing the geometric relationships 
of the muscle groups. Contractions of circular muscles produce elongation, longitudinal 
muscles produce shortening, and dorso-ventral (DV) muscles produce flattening. Oblique 
muscles stiffen the animal at a length intermediate between maximal contraction and 
maximal elongation. Not shown are annulus erector muscles, located in the skin, that 
cause the individual annuli (five per segment in the midbody) to form peaked ridges 
around the animal (Kristan et al., 2005). 
 
 
1.3.2 Behaviors 
Leeches perform a variety of distinguishable behaviors by 
combinations of lengthening, shortening, and bending. Each behavior 
is produced by a characteristic temporal and spatial pattern of muscle 
contractions and will be briefly described below. 
 24 
- Local bending: pressing on the skin at any location around the 
leech’s surface (e.g. dorsal, ventral, lateral) causes contraction of the 
longitudinal muscles at the site of the touch, and relaxation of the 
longitudinal muscles on the opposite side (Fig. 1-7A).  
- Shortening: when the front end of the leech is touched (top frame in 
Fig. 1-7B), it pulls back rapidly (bottom frame in Fig. 1-7B) by 
contracting the longitudinal muscles in all body segments 
simultaneously. There is a short intersegmental delay, caused by spike 
conduction between segments, but this delay is much shorter than the 
delays seen in swimming. This response is greatest when the animal is 
fully elongated.  
- Feeding: the back sucker can be floating free. The front sucker is 
tightly attached to the skin surface and the anterior end is held in a 
characteristic rigid posture with pulsations at 2 – 4 Hz reflecting the 
sucking movements made by the pharyngeal muscles in the anterior 
end. The rest of the body produces slower movements, either 
undulations or peristaltic movements that move the ingested blood 
into the gut pouches (Fig. 1-7C; Kristan et al., 2005)  
- Swimming: a sinusoidal wave of dorso-ventral contractions moves 
from the front of the leech to the back (Fig. 1-7D). The trough of the 
wave is produced by local contractions of the dorsal longitudinal 
muscles, and the crest is produced by contractions of the ventral 
longitudinal muscles. The whole body is strongly flattened throughout 
the swim cycle. In a single segment, swimming consists of repeating 
alternations between dorsal and ventral longitudinal contractions. 
- Crawling: Crawling is a prominent form of locomotion in the leech 
(Fig. 1-7E) and consists of the animal releasing its anterior sucker, the 
circular muscle-induced elongation while staying close to the 
substrate, attaching its anterior sucker, releasing its posterior sucker, 
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and then contracting its entire body with reattachment of the posterior 
sucker (Gray et al., 1938; Stern-Tomlinson et al., 1986).  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 1-7. Examples of leech behaviors. Explanation in the text. (Kristan et al., 2005) 
 
Four of the leech behaviors – local bending, whole-body shortening, 
crawling, and swimming – can be elicited by tactile stimulation of the 
skin. The fifth – feeding – is elicited by chemical, tactile, and thermal 
stimuli. Which behavior is elicited by tactile stimulation depends upon 
the location and intensity of the touch.  
At a threshold level of mechanosensory stimulation, the predominant 
response elicited depends upon the location of the stimulus: 
stimulating the anterior end produces shortening, stimulating the 
posterior end produces crawling or swimming, and stimulating 
midbody sites produces local bending (Kristan et al., 1982). The 
following sections summarize what is known about the neuronal 
circuits underlying the swimming. 
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1.3.3 Swimming 
The swimming of the leech is characterized by sinusoidal undulations 
that are a consequence of tension and relaxation cycles in two types of 
segmental muscles. The leech body is flattened to form an elongated 
ribbon by tonic contractions of dorso-ventral muscles; the alternating 
contraction and relaxation of dorsal and ventral longitudinal muscles 
(DLM and VLM, respectively) act against internal pressures to 
generate rhythmic bending in body segments (Wilson et al., 1996). 
The swimming rhythm is generated by a neuronal circuit (Fig. 1-8) 
consisting of sensory neurons (T, P, N cells), trigger neurons (Tr1, Tr2 
and BN cells), gating neurons (SII, swim initiating interneurons, and 
SCI, serotonin containing interneurons), oscillatory neurons (pairs of 
interneurons: 27, 28, 33, 60, 115, 119, 123, and a single interneuron 
208) and motoneurons.  
 In intact animals, swimming may be initiated by a variety of 
sensory inputs including tactile stimulation of the body wall and water 
movements. Sensory stimulation initiates swimming activity through a 
cascade of interactions that eventually drive the swim oscillator. 
Stimulation of sensory neurons results in the activation of triggers and 
command neurons through either direct or polysynaptic connections 
(Brodfuehrer & Friesen, 1986a).  
The somata of trigger neurons are located in the subesophageal 
ganglion; their axons project from that origin into the caudal nerve 
cord, (Brodfuehrer & Friesen, 1986a, b). Tr1 cells are glutamatergic 
neurons, that directly excite gating neurons and serotonergic Retzius 
cells, both capable of initiating swimming activity (Brodfuehrer & 
Friesen, 1986b) through the activation of non-NMDA glutamatergic 
receptors (Thorogood & Brodfuehrer, 1995).  
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Fig. 1-8. In the neural circuit of the leech swimming, the sensory information flow from 
mechanosensory neurons to the swim-related muscles. T: touch cell; P: pressure cell; N: 
nociceptive cells; Tr1 and Tr2: trigger neurons 1 and 2 respectively; SE1: swim exciter 
neuron 1; SIN1: swim inhibitor neuron 1; VE: ventral exciter motoneuron; VI: ventral 
inhibitor motoneuron; DE: dorsal excitor motoneuron; DI: dorsal inhibitor motoneuron; 
FL: flattener neuron. The small inset numbers designate the reference phase of each 
oscillatory neuron. Darkly filled circles designate inhibitory neurons or those that inhibit 
swimming. The synaptic targets of some cells are unidentified. (Kristan et al., 2005) 
 
In contrast, cells Tr2 have an inhibitory effect on these neurons. 
Trigger neuron Tr2 acts as a toggle switch: brief stimulation can elicit 
swimming activity and a second stimulus, once swimming has 
commenced, brings that activity to an abrupt halt (O’Gara & Friesen, 
1995). Tr1 and Tr2 are thus able to induce swimming through two 
partially independent pathways (Brodfuehrer & Friesen, 1986b; 
O'Gara & Friesen, 1995). 
The downstream targets of these trigger neurons include gating 
neurons, which are divided into two classes of cells, namely the 
"initiators of the swim interneurons" (SII) represented by the cells 204 
and 205, and the "serotonin-containing interneurons" (SCI) 
represented by 61 cells (or VL) and 21 (or DL). The cell 204 is 
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located in the basal ganglia 10 ° -16 °. The cell 205 is also uneven, but 
it is only present in the 9th ganglion and just anteriorly projected. On 
the other hand, cells 61 and 21 are present in pairs in each segmental 
ganglion (Kristan et al., 1983). 
Gating neurons, such as cell 204 and its homolog, cell 205 (Weeks, 
1982a) occupy the third level of the swim-initiation cascade. When 
swimming activity is elicited by any means, including brief trigger 
neuron activity, these cells depolarize and remain in such a state 
throughout the whole swim episode (Weeks & Kristan, 1978). Part of 
this excitation results from a monosynaptic excitatory input released 
by the trigger neurons (Brodfuehrer & Friesen, 1986b). However, the 
persistent depolarization source remains unidentified. 
Also a set of serotonin-containing neurons, cells 21/61, gate the 
swimming (Nusbaum & Kristan, 1986). 
These neurons receive input from T, P and N cells indirectly (Gilchrist 
& Mesce, 1997) and make excitatory interactions with the same 
oscillator interneurons as cells 204/5.  
 Body wall stimulation, followed by Tr1 activation, elicits 
concurrent depolarization of all gating neurons. These, in turn, provide 
nearly simultaneous excitatory drive to a subset of oscillator 
interneurons throughout the nerve cord (Weeks, 1982a).  
Oscillatory neurons are responsible for the typical swimming rhythm 
pattern in each segment of the animal. The mechanism of this circuit 
is based on reciprocal inhibition between different pairs of neurons 
oscillators. 
The oscillatory neurons network consists of twenty cells in each 
ganglion, seven pairs of interneurons (cells 27, 28, 33, 60, 115, 119, 
123) plus a single interneuron 208. The excitatory and inhibitory 
connections of these cells converge on motorneurons cells that 
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determine the rhythmic contraction of muscles and ventral 
longitudinal wave generating the typical features of leech swimming. 
In each segmental ganglion, there are more than twenty motoneurons 
that control the contraction of the dorsal and ventral longitudinal 
muscles. These cells are divided into four groups: excitatory 
motorneurons of the ventral longitudinal muscles (VE), inhibitory 
motorneurons of the ventral longitudinal muscles (VI), excitatory 
motorneurons of the dorsal longitudinal muscles (DE) and inhibitory 
motorneurons of the dorsal longitudinal muscles (DI). VI and DI have 
inhibitory synapses with muscle fibers, and with VE and DI, 
respectively. During swimming, the membrane potential of these cells 
varies from a depolarization to hyperpolarization state. The alternation 
of the motorneurons activity determines the rhythmic contraction of 
muscles, which characterizes the leech swimming. 
 The cephalic ganglia have a marked tonic inhibitory influence 
on swimming. Leeches swim more readily in response to appropriate 
stimuli, when the animals have been chirurgical cutting the connection 
between the cephalic ganglia and the rest of the nervous chain. A pair 
of inhibitory interneurons SIN1 (Swim inhibitor neuron 1) has been 
identified in cephalic ganglia. These cells have a normal tonic activity, 
which ceases before starting the swimming. During this step, their 
membrane becomes hyperpolarized. On the other hand, during 
swimming, the depolarization of these neurons causes the interruption 
of the swim (Brodfuehrer & Burns, 1995). 
Also, the caudal ganglion influences the swimming behavior. This 
ganglion has an excitatory effect on swim and counteracts the cephalic 
ganglion inhibitory influence. Probably, in the caudal ganglion there 
are neurons, up to now unidentified, which are part of the swimming 
“activator” system (Brodfuehrer et al., 1993). This would explain 
why, in intact leeches, the stimulation of the caudal region induces a 
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more effective swimming than the stimulation of the cephalic region 
(Kristan et al., 1982). 
 The overall propensity for swimming is regulated by 
neuroactive substances, most notably by 5-HT. Leeches with a high 
blood concentration of 5-HT swim more efficiently. Moreover, it was 
demonstrated that isolated nerve cord preparations engage in 
swimming activity spontaneously, when 5-HT levels are elevated 
(Willard, 1981). 
The ability of serotonin to increase the frequency of spontaneous and 
induced episodes of swimming can be due to its effects on 204 cells. 
When this cell is at rest, injection of 5-HT causes a strong 
depolarization and a significant increase in discharge frequency. Also, 
the exposure of 204 cells to this neurotransmitter reduces the current 
threshold required to induce cell depolarization. 
 
1.3.4 Learning processes in Hirudo medicinalis 
By exploiting the experimental advantages of the leech model-system, 
learning and its underlying molecular mechanisms have been studied. 
In particular, ST forms of non-associative and associative learning 
have been examined by using shortening reflex and swimming as 
behavioral models. 
Using a combination of behavioral and electrophysiological 
techniques, it has been assessed that whole-body shortening reflex 
resulted affected by forms of non-associative learning such as 
habituation and sensitization (see section 1.1) (Burrell & Sahley, 
2005). Whole-body shortening requires a sufficient stimulation of the 
body wall in order to activate two P cells with adjacent receptive 
fields and associated T cells (Shaw & Kristan, 1995). This stimulation 
results in contraction of the longitudinal muscles starting at the site of 
stimulation as a result of activity from the L-motor neuron, and the 
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dorsal and ventral excitatory (DE and VE, respectively) motorneurons 
in each body segment (Stuart 1970; Shaw and Kristan 1995). The 
reflex spreads throughout the body as a result of activity from an 
unknown intersegmental neural pathway and a chain of interconnected 
interneurons called the S cell. During habituation training, there was a 
decrement in both the shortening reflex and the elicited S-cell activity. 
During sensitization, S-cell excitability increased, and this 
enhancement corresponded to facilitation of the shortening reflex 
(Sahley et al., 1994). 5-HT seems to play a key role in the induction of 
sensitization by triggering the cAMP – PKA pathway (Burrel & 
Sahley, 2005). 
Moreover, S cell seems mediate forms of NMDAR-dependent long-
term potentiation (LTP) and long-term depression (LTD) in the leech 
nervous system. LTP and LTD are considered critical cellular 
substrates for mediating learning and memory, because their initiation 
requires coincident activity in both the pre- and postsynaptic neurons 
(activity dependence), and the resulting changes are restricted to the 
co-activated synapses (synapse specificity). In the leech, LTP and 
LTD have been observed in two different synaptic connections, those 
made by the touch (T) cells onto the S-cell and by pressure (P) cells 
onto the same S-cell. LTP in the P - S synapse is NMDAR-dependent, 
synapse-specific, and expressed postsynaptically (Burrell & Sahley, 
2004). At the T - S synapse, tetanic stimulation simultaneously 
induces homosynaptic LTP in the tetanized synapse and 
heterosynaptic LTD in the non-tetanized synapse (Burrell & Li, 2008). 
In particular, two forms of LTD coexist at the leech T-to-S 
polysynaptic pathway: one that is NMDA receptor-dependent and 
another one that is cannabinoid-dependent. The activation of both 
LTD forms is dependent on the level of activity in this circuit (Li & 
Burrell, 2009). The cannabinoid-dependent LTD was examined. In the 
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S interneuron, intracellular Ca2+ increases are necessary for this form 
of LTD. Calcium signals contributing to cannabinoid-dependent LTD 
are mediated by voltage-dependent Ca2+ channel and release of Ca2+ 
from intracellular stores. Inositol triphosphate receptors, but not 
ryanodine receptors, appear to mediate this store-released Ca2+ signal. 
Cannabinoid-dependent LTD also requires activation of metabotropic 
serotonin receptors, possibly a serotonin type 2-like receptor. Finally, 
this form of LTD involves the stimulation of nitric oxide synthase and 
a decrease in cAMP signaling, both of which appeared to be 
downstream of cannabinoid receptor activation (Li & Burrell, 2010). 
Based on these findings, the cellular signaling mechanisms of 
cannabinoid-dependent LTD in the leech seems to be remarkably 
similar to vertebrate forms of cannabinoid-dependent synaptic 
plasticity. 
 The swimming is a more complex behavior compared to 
shortening.  
The swimming induction by weak electrical stimulation applied onto 
the caudal portion of the body of H. medicinalis has been widely 
studied in semi-intact preparations in which the first segmental 
ganglion was disconnected from the cephalic ganglion (Scuri et al., 
2007; Zaccardi et al., 2001, 2004, 2012). Also this behavior resulted 
affected by simple forms of non-associative learning, including 
habituation and sensitization/dishabituation (Brodfuehrer & Friesen, 
1986a; Scuri et al., 2007; Zaccardi et al., 2001, 2004, 2012). 
Habituation occurs when the behavioral response (a swimming cycle), 
provoked by a weak electrical stimulus (test stimulus) repeatedly 
applied to the body wall at an inter-trial interval of 1 minute, 
decreases or, eventually, ceases, and then recovers spontaneously 
(Zaccardi et al., 2001).  
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A noxious stimulus (i.e. brushing on the skin) facilitates the response 
at the test stimulus and induces eventually sensitization (Zaccardi et 
al., 2001). When a nociceptive stimulation is immediately delivered 
after the last trial of a habituation session, the swim response is 
strongly enhanced. That recovery is called dishabituation (Zaccardi et 
al., 2001).  
The biochemical steps underlying the induction of ST habituation 
have been recently explored (Zaccardi et al., 2012). The data collected 
indicate that Ca2+ influx through voltage-gated Ca2+ channels is 
required for the induction of ST habituation. Notably, Ca2+ released 
from intracellular stores appears also necessary for the induction of ST 
habituation. These results suggest a model in which gradual Ca2+ 
entry, as response to repeated neuronal activity, triggers the Ca2+ 
release from intracellular pools, thus providing a much greater and 
more persistent calcium signal into the cytosol, That process is 
analogous to the calcium-induced calcium release mechanisms 
observed in several model systems (Verkhratsky & Shmigol, 1996).  
Also, the downstream targets of elevated cytosolic Ca2+ were 
elucidated by experiments in which ST habituation was examined in 
the presence of 4-BPB, a blocker of cytosolic PLA2, (cPLA2) 
(Massicotte et al., 1990). Injection with 4-BPB fully prevented ST 
habituation, thus providing evidence that PLA2 is involved in the 
induction of this form of non associative learning. Once activated by 
cytosolic Ca2+ elevations, cPLA2 translocate from cytosol to 
intracellular membranes (Yoshinara et al., 1990), where downstream 
enzymes, such as cyclooxygenases and lipoxygenases are localized 
(Farooqui, 1997). Cyclooxygenases and lipoxygenases convert 
arachidonic acid (AA) into eicosanoids, which contribute to several 
cellular processes, including synaptic and neuronal plasticity 
(Feinmark et al., 2003). The block of the lipoxygenases pathway by 
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NDGA prevents ST habituation in the leech swimming induction, 
whereas the blockade of cyclooxygenases by indomethacin is 
ineffective. Furthermore, selective activation of the 5-lipoxygenase 
appears to be required for the induction of ST habituation (Zaccardi et 
al., 2012). 
 During the molecular characterization of ST habituation, a very 
intriguing analogy became evident: the increased latency of swim 
induction observed during ST habituation appears sustained by the 
same biochemical cascade responsible for the activity-dependent AHP 
increase exhibited by T neurons during low-frequency stimulation 
(Scuri et al., 2002). In T neurons, the chain of intracellular events, 
linking repetitive neuronal activity to changes in AHP amplitude, 
requires elevated levels of cytosolic Ca2+, which, through the 
activation of PLA2, lead to the synthesis of 5-lipoxygenase 
metabolites (Scuri et al., 2005). The activity-dependent AHP increase 
in T neurons is due to an enhancement of the Na+/K+ ATPase activity 
(Scuri et al., 2002). The current model of ST habituation in leech 
swimming induction suggests that lipoxygenase by AA and its 
monooxygenase-derived metabolites influence several substrates, 
including the Na+/K+ ATPase (Foley, 1997).  
 The pharmacological and temporal relations shared by ST 
habituation and the activity-dependent AHP increase suggest a 
potential mechanistic link between these two phenomena. Evidence 
supporting the role of AHP increase in modulating behavioral output 
resides in a lasting depression of the synapse between T neurons and 
their followers (Scuri et al., 2002). That depression is produced by the 
activity-dependent intrinsic change and may contribute, at least in 
part, to the gradual increase in the swim induction, which was 
observed in the leech during repeated stimulation.  
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The activity-dependent AHP increase in leech T neurons are triggered 
by Ca2+ influx and the depression of the synapse between T neurons 
and their followers is not due to depletion of neurotransmitter, because 
repetitive neuronal activation, unable to induce AHP increase 
amplitude, does not cause any synaptic change (Scuri et al., 2002). 
This suggests that a release-independent presynaptic mechanism 
might underlie the reduction of T neurons synaptic output and the 
subsequent reduced responsiveness following repeated stimulation. 
Furthermore, using a computational model of leech T neurons has 
shown that changes in AHP amplitude can influence the conduction of 
action potentials from the soma to fine presynaptic terminals (Cataldo 
et al., 2005; Lombardo et al., 2004; Scuri et al., 2007). In particular, 
under assigned biophysical and morphological properties, the AHP 
produces failure in action potential propagation at neurites branching 
points and consequent reduced activation of downstream synaptic 
terminal, which might contribute to the synaptic depression generated 
by the AHP increase (Cataldo et al., 2005). Ultimately, the progressive 
decrease in the efficacy, with which the sensory stimulation recruits 
and activates the swimming circuitry, might lead to the increased 
latency of swim induction observed during habituation training.  
 Whereas the mechanisms underlying habituation, albeit less 
understood, exhibit more diversity among animal models, the 
biochemical underpinnings of sensitization/dishabituation appear 
rather conserved. 
Moreover, sensitization of leech swimming induction behavior is 5-
HT and cAMP-dependent (Fig. 1-9; Zaccardi et al., 2004). The 
specific effect of 5-HT on these forms of non-associative learning is 
suggested by the following data: injections of 5-HT induce 
sensitization mimicking the effects of a mechanical stimulation (Fig. 
1-9A). 5-HT has dose-dependent effects, thus the concentration 
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producing more evident effects is 200 µM. Higher concentrations 
elicit minor effects (Zaccardi et al., 2004). Treatments with a 5-HT 
receptors blocking agent, methysergide, impair the onset of 
sensitization (Fig. 1-9B; Zaccardi et al., 2004).  
Application of another endogenous neurotransmitter, dopamine, does 
not potentiate the response (Fig. 1-9C; Zaccardi et al., 2004).  
The involvement of the cAMP pathway has been demonstrated by 
experiments in which inhibitors of adenylate cyclase was injected into 
animals trained to a sensitization or dishabituation protocol. Injections 
of 250 µM MDL 12.330A (also known as RMI 12.330A) or 250 µM 
SQ22536, prevented sensitization (Fig. 1-9D) and dishabituation 
(Zaccardi et al., 2004). 
Moreover, in a in vivo test, leeches injected with a low concentration 
of dihydroouabain (DHO), a reversible blocker of the Na+⁄K+ ATPase, 
responded more rapidly to the test stimulus than control animals 
(Scuri et al., 2007). This effect was not due to an increase in the 
motility of the animals (which was not observed), but, probably, to 
changes in the integration of sensory input, thus indicating that DHO 
injection has a sensitizing effect.  
Interestingly, a transient inhibition of the Na+/K+ ATPase affects the 
synaptic connection between T cells and their follower cells. In  
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Fig. 1-9. Comparison between sensitization induced by brushing and by other treatments. 
(A) Sensitization induced by brushing or 200 µM 5-HT injection does not differ. (B) 
Methysergide treatment impairs sensitization. A group of animals was injected with 500 
µM methysergide (black symbols), whereas a control group with saline solution (white 
symbols). Fifteen minutes after the treatment (syringe), the animals were subjected to 
four control test trials (I–IV) and then to a series of 15 brushings delivered on the dorsal 
skin (arrow) followed by a sequence of 15 trials. The animals treated with methysergide 
did not exhibit any potentiation of the response whereas in control animals brushing 
elicited a clear-cut potentiation of the response. (C) Dopamine treatment is ineffective to 
induce the sensitizing effect of brushing. (D) MDL 12.330A or SQ22536, inhibitors of 
cAMP formation, prevented sensitization. The animals treated with the adenylate cyclase 
inhibitors did not exhibit sensitization after brushing, whereas animals injected with 
saline solution showed sensitization after brushing. Syringe: MDL 12.330A, SQ22536 or 
saline injection. Asterisks indicate significant differences between MDL 12.330A or 
SQ22536 and saline injected animals. (Zaccardi et al., 2004)  
 
fact, in vitro experiments showed that bath-application of 10 nM DHO 
causes an increase in the amplitude of the synaptic potential (SP). The 
amplitude augmentation can be recorded in the postsynaptic element, 
when a test stimulus is applied in the presynaptic neuron. 
Iontophoretic injection of cAMP into the presynaptic T cell produces 
an increase of SP, as well (Scuri et al., 2007). 
Simulations carried out by using the computational model of the T cell 
suggest that a reduction of the pump rate and a consequent depression 
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of the AHP might facilitate the conduction of action potentials to the 
synaptic terminals (Scuri et al., 2007). 
Altogether, the data collected about the molecular and cellular 
mechanisms of non associative learning in leech swimming induction 
interestingly reveal that distinct biochemical pathways underlying 
senitization/dishabitutation and habituation may act onto common 
molecular targets, such as the Na+/K+ ATPase at the level of T 
neurons (Scuri et al., 2002, 2005, 2007). Through modulation of the 
Na+/K+ ATPase activity in T neurons via distinct signaling cascades, 
5-HT and repeated neuronal activity may produce opposite changes in 
T neurons synaptic output (cAMP-dependent synaptic facilitation 
(Scuri et al., 2007) and activity-dependent synaptic depression (Scuri 
et al., 2002, 2005) that may contribute, at least in part, to the 
behavioral changes underlying sensitization/ dishabituation and 
habituation, respectively.  
Up to now, no information is available about the LT learning in the 
leech.  
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2. AIM OF THE RESEARCH 
 
Apparently, the processes of memory formation and its maintenance 
require the involvement of numerous proteins (Cobb & Pitt, 2008; 
Rosenegger et al., 2010), whose identification is likely far from 
complete. Due to the complexity of memory systems, identifying 
those proteins that cause memory formation is not a simple task.  
 In an attempt to understand the memory induction mechanisms, 
we have chosen to use a reductionist model system of memory 
formation in H. medicinalis, namely the LT sensitization of swimming 
induction. 
The anatomical features of leech H. medicinalis make it an useful 
model for studying behavioral changes and their underlying neural 
mechanisms (Brodfuehrer & Thorogood, 2001), by performing 
parallel ethological and biochemical analyses.  
The swimming induction by weak electrical stimulation applied onto 
the caudal portion of the body of H. medicinalis has been widely 
studied (Zaccardi et al., 2001, Kristan et al., 2005). This behavior can 
be sensitized to form memory (Brodfuehrer & Friesen 1986a; Garcia-
Gil et al., 1995; Scuri et al., 2007; Zaccardi et al., 2001; Zaccardi et 
al., 2004).  
 Therefore, in the present study we have used a multi-
disciplinary experimental approach to analyze the protein pattern 
involved in LT sensitization of swimming induction. In particular, our 
investigation included behavioral trials and chromatographic analysis 
of homogenate tissue of ganglionic cords dissected out from LT 
trained and control animals. 
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 3. MATERIALS AND METHODS 
 
 
3.1 ANIMALS  
Adult leeches, H. medicinalis (10-months old), were obtained from 
Ricarimpex (Eysines, France). Animals were kept in an aquarium at 
16° C in commercially available mineral water (Acqua Panna, 
Firenze, Italy) under natural daylight rhythm.  
 
 
3.2 MATERIALS 
Unless otherwise stated, all chemicals were purchased from Sigma-
Aldrich (Milan, Italy) and freshly prepared before use. For behavioral 
experiments, the protein inhibitor cycloheximide (CY) was dissolved 
in saline solution (in mM: 115 NaCl, 4 KCl, 1.8 CaCl2, 10 glucose 
buffered at pH 7.4 with 10 Tris-maleate). 
 For size exclusion chromatography (SEC) analysis, carbonic 
anhydrase from bovine erythrocytes (CA, 21803), bovine serum 
albumin (BSA, A-0281), albumin from chicken egg white (OVA, A-
5503), human serum albumin (HSA, A-1887), β-lactoglobulin (β-LG, 
L-3908) and α-lactalbumin from bovine milk (α-Lac, L-6010), 
myoglobin from equine skeletal muscle (Myo, M-0630), α-
chymotrypsinogen A from bovine pancreas (α-Chy, C-4879), 
lysozime from chicken egg white(Lys, L-6876), human hemoglobin 
(Hb, H-7379), aprotinin from bovine lung (10820) and Cytochrome C 
from equine heart (Cyt C, C-7752) were purchased from Sigma 
Aldrich Fluka (Milan, Italy). The buffer solutions were prepared from 
monobasic monohydrate sodium phosphate, dibasic anhydrous 
potassium phosphate (BDH Laboratory Supplies, Poole, England). 
The buffer solutions contained 50 mM phosphate at a pH of 7.0 
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(PBS). Water deionized with a Milli-Q system was used throughout 
and degassed prior to use. 
The stock solutions of proteins for SEC column calibration were 
prepared dissolving the protein (liophilized powder) in 50 mM PBS 
pH 7.0 (generally 1-2 mg/mL).   
 In mobile phases of reverse phase chromatography (RPC), 
methyl alcohol (Carlo Erba, Milan Italy), trifluoroaceticacid (TFA) 
(Fluka, FL 73645, Sigma–Aldrich) acetonitrile (ACN) (Carlo Erba, 
Milan Italy) were used. The retention time of several standard proteins 
dissolved in 50 mM PBS pH 7.0, eluted in the same conditions was 
calculated. The standard proteins were purchased from Sigma Aldrich 
Fluka (Milan, Italy). 
 
 
3.3. BEHAVIORAL PROCEDURE 
We tested the swimming activity in a proper apparatus (Fig 3-1) 
containing the mineral water above mentioned. Swim was evoked by 
weak electrical stimuli each consisting of a 1.6 second-duration train 
of 5 msec impulses at a frequency of 8.3 Hz (test stimulus) (Zaccardi 
et al., 2001) delivered onto the caudal portion of the body with a 
bipolar Ag–AgCl electrode connected to a stimulus isolation unit. For 
each animal, the intensity of the test stimulus was set to the lowest 
voltage capable of eliciting a steady swimming response and kept 
constant for the entire experiment. The voltage value range was 0.6 –
1.4 V, varying for each animals.  
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Fig. 3-1. Set Up for behavioral training. Explanation in the text. 
 
 
 To reduce the variability in responsiveness of the animals to 
stimuli, as previously described in detail by Zaccardi et al. (2001, 
2004), the connection between the cephalic and the first segmental 
ganglion was surgically cut after 10 minutes anesthesia in 10% 
ethanol. Suture was made by chromic Catgut (Ethicon 6/0). This 
procedure removes the tonic inhibition exerted by the head ganglion 
on swimming activity and yields a behaving animal that consistently 
responds to the training protocol (Kristan et al., 2005) (Fig. 3-2).  
The interval between the start of the electrical shock and the onset of 
the swimming (i.e. latency, L) was selected as a reliable swimming 
activity index. The onset of swimming was directly signaled by the 
operator through an ‘on/off’ button connected to a computer and the 
latency value was automatically measured and stored by means of 
custom-designed software (Numerica Progetti s.r.l., Pisa, Italy, 
MEASURE).  
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Fig. 3-2. Surgical procedure 
 
 To induce sensitization, leeches were first subjected to 4 test 
stimuli applied at variable inter-trial intervals ranging from 10 second 
to 2 minutes to quantify the baseline response indicated as mean 
latency (Lm), soon after to 15 brushes (1/second, brushing) delivered 
on the back of the animal (noxious stimulus) and then to 3 test stimuli 
delivered at 5 minutes inter-stimulus interval (ITI) (Fig. 3-3A). The 
baseline response was calculated as mean of the 4 latencies obtained 
in response to the 4 initial test stimuli, and sensitization occurred 
when the latency to each 3 test stimuli following noxious stimulus was 
significantly shorter than Lm. 
To induce LT sensitization, experimental animals were subjected the 
day 1 to a sensitization session and then received for 4 consecutive 
days a repetitive noxious stimulation consisting of 4 series of brushing 
delivered with 10 minutes ITI; in the day 6 the animals were again 
subjected to a sensitization session (Fig. 3-3B). 
Control animals were subjected to a sensitization session in both day 1 
and day 6 while in the other 4 days the animals were manipulated at 
room temperature for the time of a repetitive brushing session (Fig. 3-
3C). 
In the same day, sensitization sessions have been performed in 
animals before and after the injection of i) cycloheximide, a protein 
inhibitor, ii) pellets or surnatants from LT sensitized or control  
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Fig. 3-3. Training protocols for BT and LT sensitization experiments. (A) Each vertical 
line represents a single weak electrical shock (test stimulus) used to elicit a swim episode 
and to measure the latency. ITIs were randomly determined unless noted otherwise. 
Lightning bolt symbol represents noxious stimulation consists of 15 brush strokes used to 
sensitize the animals and represented by the short vertical lines below. Each animal was 
trained with four test stimuli applied at randomly determined ITI ranging from 10 
seconds to 2 minutes to obtain Lm. Then 15 brush strokes were delivered in 15 seconds 
and, immediately after, three test stimuli follow at 5 minutes ITI. (B) To induce LT 
sensitization, a training session as in (A) was delivered in the 1st and in the 6th day, while 
in the other 4 days leeches were subjected to repetitive brushing consisting of 4 series of 
brush strokes delivered at 10 minutes ITI. (C) Control animals were subjected to a 
sensitization session in both day 1 and day 6 while in the other 4 days the animals were 
manipulated at room temperature for the time of a brushing session 
 
 
leeches, iii) fractions obtained by size exclusion chromatographic 
separation of pellets (see below). 
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3.4 HOMOGENIZATION OF THE LEECH GANGLIONIC 
NERVOUS SYSTEM 
 
Each single sample was obtained by dissecting out three ganglionic 
cords from LT sensitized leeches or control leeches and homogenized 
with a Vibracell (Sonics e materials, USA) in 250 µl saline solution 
containing a cocktail of protease inhibitors (10 µg/ml leupeptin, 1 
µg/ml pepstatin A, 2 µg/ml aprotinin, 1mM PMSF, 1 mM 
orthovanadate, 10 mM Na-floride, 10 µg/ml antipain). Then the 
material was centrifuged (12000 rpm for 15 min at 4°C) to separate 
pellets and surnatant.  
 
 
3.5 SDS-PAGE ANALYSIS 
The protein content in pellet and surnatant was quantified by Bio-Rad 
Protein Assay and size separated through denaturing SDS-PAGE. An 
equal amount of protein for each sample (40 µg) was heated at 100 °C 
for 5 minutes with 5 µl of 5X sample buffer (0,0625 M TRIS pH 6,8, 
2% SDS, 5% β- mercaptoethanol, 10% glycerol and 0,02% 
bromphenol blue), and loaded onto 12% polyacrylamide gels. The 
denatured mixtures were loaded in different line and electrophoresis 
was performed in electrode buffer (3 g/l TRIS, 1 g/l SDS, 14,14 g/l 
glycine, 20% methanol) on the PAGE apparatus Bio-Rad Mini-
PROTEAN 3 system (Bio-Rad Laboratories, Milan, Italy) for 1 hour. 
ColorPlus Prestained Protein Marker (BioLabs, New England) was 
used as molecular marker.  
 To visualize protein spots, the gels were subsequently stained 
with the silver staining kit (Bio-Rad Laboratories, Milan, Italy) and 
the Bio-Safe Coomassie stain (Bio-Rad Laboratories, Milan, Italy). 
 
 
 46 
3.6 CHROMATOGRAPHIC ANALYSIS 
High-performance liquid chromatographic analysis of pellets was 
performed using a P4000 (ThermoFinnigan) equipped with a 
Rheodyne 7125 injector (Rheodyne, Cotati, CA, USA), a 50 µL poly 
(etheretherketone) (PEEK tubing, Upchurch, Oak Harbor, WA) 
injection loop, an UV6000 diode array detector (ThermoFinnigan) and 
an FL3000 (ThermoFinnigan) fluorescence detector.   
 Standard proteins of known molecular weight (MW) (see 
above) were injected in a size exclusion column (SEC) Biosep SEC 
S2000 column (Phenomenex, 300 x 7.8 mm, 1000-300.000 Da MW 
range) for column calibration. Separation was performed using an 
isocratic elution in 100% 50 mM PBS pH 7.0 at 1.0 mL/min.   
The pellets obtained after centrifugation of ganglionic cord 
homogenates of control and LT sensitized animals were re-suspended 
in 250 µL of saline solution and injected in the chromatographic 
system without any dilution. 
 
 
3.7 RPC ANALYSIS 
For RPC chromatographic analysis a Jupiter C18 250 x 4.6 mm, 300 
A column (Phenomenex) was used. Elution conditions are discussed 
below. 
 The single fraction was further investigated by reversed phase 
chromatography by injecting the fraction directly in RPC. The sample 
(50 uL injected) was eluted in 42 min gradient from 92 % B (0.1% 
TFA in water, 1% ACN) to 85% A (99% ACN, 1% water TFA 0.1%), 
0.8 mL/min.   
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3.8 INFRARED SPECTROSCOPY (FT-IR) 
 Infrared spectra were recorded by using a Perkin-Elmer Spectrum 
One FTIR spectrophotometer, equipped with a TGS detector.  After 
recording the background spectrum on a clean BaF2 window 50 µL 
of fraction 8 solution (from controls and LT sensitized animals) was 
casted on BaF2 windows and dried at room temperature for 24 hours.  
For each sample, 128 interferograms were recorded in order to obtain 
a suitable S/N ratio, averaged and Fourier-transformed to produce a 
spectrum with a nominal resolution of 4 cm-1.  The typical vapor band 
did not appear either in the spectra or in the second derivative.  
 
 
3.9 DATA ANALYSIS 
Descriptive statistics are given as mean ± S.E.M. Latencies were 
analyzed using one way ANOVA or a two-way ANOVA design with 
repeated measures (RM), in which the following factors were 
examined: stimuli and treatment. Two way RM ANOVA design 
allowed us to identify stimulus effects and treatment effects, and also 
to isolate trial /treatment interactions. When indicated, post-hoc 
pairwise comparisons were performed using the Dunnett’s or Fisher’s 
post-hoc test. Statistical significance was set at p < 0.05. Statistical 
analysis was performed by using the Statistical software package 
(StatSoft, Tulsa, OK, USA) 
 Sensitization is usually represented as an increase in the 
amplitude of the response to the test stimulus delivered immediately 
after a nociceptive event such as brush strokes in comparison with the 
baseline response. For this reason, we plotted the inverse latency  of 
each response (Ln) normalized to the inverse of the baseline latency 
(Lm), calculated by the formula: (Lm/Ln) x 100 in order to obtain a 
better graphical representation of the behavioral data.  
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 To quantify the expression of proteins in SDS-PAGE analysis 
we used the software Quantity one (Bio-Rad Laboratories, Milan, 
Italy) to reveal the different optical density of marked bands. Due to 
normality of the data collected, statistical analysis was performed by 
the Unpaired t test. 
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4.RESULTS 
 
4.1 LONG-TERM SENSITIZATION IN H. MEDICINALIS 
As previously described by Zaccardi et al., (2001) it is possible to 
induce short-term (ST) sensitization of swimming induction by weak 
electrical stimuli in the leech H. medicinalis. We used a simplified 
experimental protocol (see section 3.4) in which a test stimulus was 
delivered at different time (5, 10, 15, 30, 40 and 50 min) after the 
nociceptive stimulation. The latencies recorded in 26 leeches 5, 10, 
15, 30 and 40 minutes after brushing were 1.10 ± 0.05 seconds, 1.11 ± 
0.05 seconds, 1.10 ± 0.05 seconds, 1.22 ± 0.15 seconds and 1.26 ± 
0.14 seconds respectively and they resulted significantly shorter than 
the baseline latency (Lm = 1.39 ± 0.05 seconds, One Way RM 
ANOVA, F3,25 = 16.58, p < 0.001, Dunnett’s post-hoc test p < 0.01 for 
all stimuli). Fifty min after brushing latency (1.51 ± 0.12 seconds) did 
not significantly differ (p > 0.05) respect to Lm, demonstrating that 
the response to the test stimulus was potentiated for 40 minutes as 
shown in Fig. 4-1A and ST sensitization occurred. 
 Another group of 24 leeches were subjected to a sensitization 
session consisting of 4 test stimuli applied at variable inter-trial 
intervals to quantify Lm followed by a brushing and then by 3 test 
stimuli delivered every 5 minutes for three times. Lm resulted 1.38 ± 
0.05 seconds and we observed a potentiation of responses after 
brushing: 1.09 ± 0.05 seconds (stimulus 1), 1.10 ± 0.05 seconds 
(stimulus 2) and 1.08 ± 0.05 seconds (stimulus 3) (Fig. 4-1B, filled 
squares). In the 4 subsequent days the animals were submitted every 
day at the same hour to a series of 4 brushing with 10 minutes 
interval. The 6th day the animals were subjected again to a 
sensitization session as in the 1st day and they exhibited latencies to 
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the test stimuli delivered after brushing significantly shorter than the 
ones exhibited in the 1st day (stimulus 1: 0.70 ± 0.03 seconds; stimulus 
2: 0.71 ± 0.03 seconds; stimulus 3: 0.71 ± 0.03 seconds, Two Way 
RM ANOVA for groups, F1,46 = 31.257, p < 0,0001, Fisher’s post-hoc 
test p < 0.01 for all stimuli, Fig. 4-1B, open circles) whereas Lm (1.19 
± 0.03 seconds) did not significantly differ (p = 0.120). These results 
indicated that the animals exhibited a more strong potentiation of the 
responses in the 6th day in comparison with the one exhibited in the 1st 
day. Figure 4-1C shows the responses of 7 animals to three test stimuli 
delivered in the 6th day and 12, 24, 48, 72 hours later. The results of 
Fig. 4-1C show that potentiation lasted 48 h, thus long-term (LT) 
sensitization occurred (Kandell et al 2000). After 12 hours latencies 
resulted significantly shorter (stimulus 1: 0.62 ± 0.03; stimulus 2: 0.62 
± 0.03; stimulus 3: 0.62 ± 0.03) than Lm quantified the 6th day (1.44 ± 
0.16; One Way RM ANOVA, F3,6 = 30, p < 0.001, Dunnett’s post-hoc 
test p < 0.01 for all stimuli) and comparable with those recorded the 
6th day (stimulus 1: 0.75 ± 0.09; stimulus 2: 0.74 ± 0.07; stimulus 3: 
0.78 ± 0.05; Two Way RM ANOVA for groups, F1,12 = 1.265, p = 
0.282) as well as after 24 hours (stimulus 1: 0.71 ± 0.04; stimulus 2: 
0.68 ± 0.03; stimulus 3: 0.70 ± 0.03; One Way RM ANOVA, F3,6 = 
20, p < 0.0001, Dunnett’s post-hoc test p < 0.01 for all stimuli; Two 
Way RM ANOVA for groups, F1,12 = 0.221, p = 0.646), whereas after 
48 hours (stimulus 1: 1.25 ± 0.16; stimulus 2: 1.25 ± 0.15; stimulus 3: 
1.270 ± 0.16) and 72 hours (stimulus 1: 1.41 ± 0.11; stimulus 2: 1.39 ± 
0.11; stimulus 3: 1.40 ± 0.12) latencies did not significantly differ 
from Lm (One Way RM ANOVA, F3,6 = 0.5, p = 0.718 and F3,6 = 0.04, 
p = 0.989 respectively).  
 As a control, a group of 9 leeches were subjected in the 1st and 
6th day to a sensitization training and in the intermediate 4 day were 
only removed by the thermostat and put at room temperature for the 
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time of a series of 4 brushing. By comparing the descriptive curves of 
the latencies recorded in the 1st and 6th day we did not observed any 
difference in the latencies to the three test stimuli after brushing (1st 
day: stimulus 1, 1.11 ± 0.14 seconds; stimulus 2, 1.10 ± 0.13 seconds; 
stimulus 3, 1.13 ± seconds; 6th day: stimulus 1, 1.14 ± 0.12 seconds; 
stimulus 2, 1.09 ± 0.13 seconds; stimulus 3, 1.14 ± 0.13 seconds, Two 
Way RM ANOVA for groups, F1,16 = 0.0009, p = 0.97) (Fig. 4-1D), 
indicating that no potentiation occurred. 
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Fig. 4-1: Long-term sensitization of swimming induction. In this and in the following 
figures in the ordinate the inverse latencies normalized to the inverse of the baseline 
latency taken as 100%, were plotted. (A) The animal subjected to brushing (   ) exhibited 
a potentiation of the response to the test stimulus until to 40 min after brushing showing 
ST sensitization. * indicates p < 0.01, One Way RM ANOVA and Dunnett’s post hoc 
test. (B) When subjected for four consecutive days to repetitive brushing, the animals 
exhibiting ST sensitization in the first day () showed a statistically significant 
potentiation of the responses to the three test stimuli delivered after brushing during the 
sensitization session in the sixth day ().* indicates p < 0.01, Two Way RM ANOVA for 
groups and Fisher’s post-hoc test. (C) Seven animals treated as in B, were also tested 12, 
24, 48 and 72 hours () later and exhibited potentiation of the responses respect to Lm 
quantified the 6th day until to 24 hours. * indicates p < 0.01, One Way RM ANOVA and 
Dunnett’s post hoc test. (D) When only manipulated for four consecutive days, animals 
exhibiting ST sensitization in the 1st day, when again trained in the 6th day did not show 
different response in comparison with the ones exhibited in the 1st  day. 
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4.2 LONG-TERM SENSITIZATION DEPENDS ON EX-NOVO 
PROTEIN SYNTHESIS 
 
To test whether LT sensitization required ex-novo protein synthesis, 7 
leeches were trained as in Figure 2B and 10 µM cycloheximide (CY), 
a protein synthesis inhibitor, was dorsally supplied in experimental 
animals by means of two injections (each one of 100 µl/g animal), one 
in the rostral and the other one in the caudal part of the body, in order 
to assure the diffusion of the drug within the central nervous system as 
previously reported by Zaccardi et al. (2004). As a control, in a group 
of animals saline solution was injected instead of CY. The drug was 
injected daily in the 4 intermediate days between the two sensitization 
sessions performed in the 1st and 6th day. At this concentration CY 
produced an inhibition of protein synthesis of about 69%, as resulted 
by bi-dimensional electrophoresis analysis previously carried out in 
our laboratories (data not shown), and did not impair motility and 
responsiveness of the animals. As shown in Fig. 4-2A, CY treatments 
induced a smaller potentiation of responses after brushing in the 6th 
day in comparison with that observed in the 1st day. The latencies 
recorded in the 6th day were significantly longer (stimulus 1: 1.00 ± 
0.08 seconds; stimulus 2: 0.99 ± 0.08 seconds; stimulus 3: 0.99 ± 
0.08seconds) than the ones recorded in the 1st day (stimulus 1: 0.70 ± 
0.07 seconds; stimulus 2: 0.71± 0.05 seconds; stimulus 3: 0.73 ± 0.07 
seconds; Two Way RM ANOVA for treatment, F1,12 = 4,883, p = 
0.0482, Fisher’s post-hoc test p < 0,05 for all stimulus) whereas Lm 
did not differ (6th day: 1.07 ± 0.08; 1st day: 0.98 ± 0.08, Fisher’s post-
hoc test p = 0,703). Therefore CY treatments blocked LT 
sensitization. Fig. 4-2B shows the difference (in seconds) between Lm 
and each latency exhibited after brushing in the 1st and 6th day by the 
animals trained to LT sensitization with and without CY treatments. In 
the animals that did not receive CY, the differences resulted 
 53 
significantly larger in the 6th day respect to the ones measured in the 
1st day (Two Way RM ANOVA for treatment, F1,32 = 56.827, p < 
0.0001; Fisher’s post-hoc test p < 0.001 for all differences), whereas 
in the animals treated with CY the differences were significantly 
smaller in the 6th day respect to the ones recorded in the 1st day (Two 
Way RM ANOVA for treatment, F1,12 = 23.606, p < 0.001; Fisher’s 
post-hoc test p < 0.05 for all differences). In the 1st day all animals 
showed the same behavior being the differences recorded not 
statistically significant (Two Way RM ANOVA for treatment, F1,22 = 
1.254, p = 0.274). 
 Control animals (n = 6) were treated with saline solution instead 
of 10 µM CY. Figure 4-2C shows that they exhibited LT sensitization 
(compare with Figure 4-2B). 
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Fig. 4-2: LT sensitization was impaired by CY treatments. (A) Animals treated as in 
Figure. 2B received repetitive treatments with 10 µM CY. The drug impaired the 
potentiation of responses after brushing in the 6th day. * indicates p < 0.05, Two Way RM 
ANOVA for treatment and Fisher’s post-hoc test. (B) The entity of LT sensitization 
measured in the animals only trained to LT sessions (1st day: white columns; 6th grey 
columns) and in the animals trained to LT sessions and also subjected to CY treatments 
(1st day, dashed columns; 6th day, black columns) has been represented as difference 
between Lm and Lx for x = stimulus 1, 2 or 3. Histograms show how CY treatments 
significantly reduced LT sensitization. * indicates p < 0.001, Two Way RM ANOVA for 
treatment, 1st and 6th day, in the two different experimental conditions and Fisher’s post-
hoc test. ns indicate no significant difference in the 1st day for the two different 
experimental conditions. (C) Control leeches were injected with saline solution and 
trained to LT sensitization. In the 6th day the responses to test stimuli after brushing 
resulted more potentiated than in the 1st day. * indicates p < 0.05 Two Way RM ANOVA 
for treatment and Fisher’s post-hoc test. 
 
 
 
4.3. SDS-PAGE PROFILES OF PROTEINS OF PELLET AND 
SURNATANT OBTAINED BY HOMOGENIZATION OF 
GANGLIONIC CORD OF LT SENSITIZED LEECHES. 
 
The effects of the CY treatments suggested the involvement of the 
protein synthesis in the induction of LT sensitization. To analyze the 
protein content in the nervous system of leeches trained to LT 
sensitization, the ganglionic cords dissected out from sensitized and 
control animals was homogenized and physically separated in pellet 
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and surnatant (see section 2.3). The samples obtained were analyzed 
by SDS-PAGE loading an equal amount of proteins. Figure 3-4A 
shows a representative SDS-PAGE gel of standard protein mixture 
(M), pellet (LTp) and surnatant (LTs) of LT sensitized leeches and 
pellet (Cp) and surnatant (Cs) of control leeches. Differences between 
pellets and surnatants of LT sensitized and control leeches were 
observed between 7 and 17 kDa. The relative quantity of each band 
was calculated by band densitometry on n = 5 replicates of SDS-
PAGE gel. Bands a (Fig. 4-3B) and b (Fig. 4-3C) were significantly 
higher in the pellet of LT sensitized animals (LTp: 32.87 ± 0.5644 and 
33.34 ± 0.4679, respectively) with respect to the pellet of control 
leeches (Cp: 13.34 ± 0.5851 and 11.49 ± 0.6986, respectively; 
Unpaired t test: p < 0.0001 for each band). In the surnatant of LT 
sensitized leeches, band c (Fig. 4-3D) resulted significantly lower 
(84.03 ± 1.526) respect to surnatant of control leeches (93.17 ± 1.253; 
Unpaired t test: p = 0.0017), whereas band d (Fig. 4-3E) was 
significantly higher (LTs: 62.68 ± 0.9717; Cs: 42.63 ± 0.4659; 
Unpaired t test: p < 0.0001). 
The differences observed by SDS-PAGE analysis suggested us to 
investigate the effects of the injection of pellet and surnatant from LT 
sensitized leeches in naïves animals. 
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Fig. 4-3: SDS-PAGE analysis of protein content in LT and control leeches. (A) Profiles 
of proteins from pellet and surnatant obtained by homogenization of ganglionic cords of 
LT (LTp and LTs) and control (Cp and Cs) leeches. A, B, C and D indicate the protein 
bands different in LT and control samples. (B) Histograms displaying different intensity 
of band a in trained to LT sensitization (LT) and control (C) leeches. (C) Histograms 
displaying different intensity of band b in trained to LT sensitization (LT) and control (C) 
leeches. (D) Histograms displaying different intensity of band c in trained to LT 
sensitization (LT) and control (C) leeches. (E) Histograms displaying different intensity 
of band d in trained to LT sensitization (LT) and control (C) leeches. * indicates p < 0.01, 
Unpaired t test. 
 
 
4.4 EFFECTS OF PELLET AND SURNATANT INJECTION ON 
SENSITIZATION INDUCTION 
 
Eleven leeches were subjected to a sensitization session (Fig. 4-4A,) 
and the responses to three test stimuli delivered at 5, 10 and 15 
minutes after brushing were recorded. These responses (trial 1: 1.01 ± 
0.07 seconds; trial 2: 1.00 ± 0.08 seconds; trial 3: 1.00 ± 0.07 seconds) 
resulted potentiated respect to Lm (1.26 ± 0.05 seconds). Then the 
animals were injected with pellet from LT sensitized leeches (LTp) to 
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the final protein concentration of 2.2 µg/µl administered in two 
injection each one of 100 µl/g weight, and 1 hour later a second 
sensitization session was performed. The responses to the three test 
stimuli delivered after brushing resulted significantly potentiated in 
comparison with those recorded before the LTp injection (trial 1: 0.68 
± 0.05 seconds; trial 2: 0.68 ± 0.04 seconds; trial 3: 0.69 ± 0.05 
seconds; Two Way RM ANOVA for treatment, F1,20 = 16.673, p < 
0.001; Fisher’s post-hoc test p < 0.05 for all stimuli) whereas Lm 
(1.08 ± 0.03 seconds) did not significantly differ respect to the Lm 
recorded in the before injection session (p = 0.213) (, Fig. 4-4A). 
On the contrary, responses recorded before and after injection of pellet 
from control leeches (Cp) in 6 naïve animals did not significantly 
differ (Fig. 4-4B; Two Way RM ANOVA for treatment, F1,10 = 
0.0042, p = 0.949) as well as those recorded in 11 naïve leeches before 
and after injection of surnatant from LT sensitized leeches (LTs) (Fig. 
4-4C; Two Way RM ANOVA for treatment, F1,20 = 4.525, p = 0.052) 
and in 6 naïve animals before and after injection of surnatant from 
control leeches (Cs) (Fig. 4-4D; Two Way RM ANOVA for treatment, 
F1,10 = 0.224, p = 0.652). These results suggested that the pellet 
obtained from LT sensitized leeches had a physiological effect similar 
to the one obtained with repetitive brushing.  
An analogous experiment was performed injecting in naïve animals 
pellets and surnatants from leeches treated with 10 µM CY (see 
above). Figure 4-5A shows the responses exhibited by naïves animals 
(n = 10) before () and after () the injection. The potentiation was 
not observed (before injection, Lm: 1.22 ± 0.05 seconds; stimulus 1: 
0.95 ± 0.05 seconds; stimulus 2: 0.94 ± 0.05 seconds; stimulus 3: 0.94 
± 0.12 seconds; after injection, Lm: 1.22 ± 0.05 seconds; stimulus 1: 
0.95 ± 0.05 seconds; stimulus 2: 0.95 ± 0.05 seconds; stimulus 3: 0.95 
± 0.06 seconds; Two Way RM ANOVA for treatment, F1,18 = 0.0027, 
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p = 0.96). On the contrary, naïves animals (n = 10) injected with pellet 
obtained from leeches trained to LT sensitization and daily injected 
with saline solution (Fig. 4-5B) exhibited a significant potentiation 
after pellet injection (before injection, , Lm: 1.47 ± 0.15 seconds; 
stimulus 1: 1.22 ± 0.16 seconds; stimulus 2: 1.21 ± 0.16 seconds; 
stimulus 3: 1.24 ± 0.15 seconds; after injection, , Lm: 1.36 ± 0.17 
seconds; stimulus 1: 1.36 ± 0.17 seconds; stimulus 2: 1.35 ± 0.03 
seconds; stimulus 3: 1,35± 0.17 seconds; Two Way RM ANOVA for 
treatment, F1,18 = 35.239, p = 0.004; Fisher’s post-hoc test p < 0.05 for 
all stimuli and p > 0.05 for Lm).  
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Fig. 4-4: Physiological effect of pellet from LT sensitized animals in naïves leeches. (A) 
The curves plot the inverse of latencies normalized to the inverse of Lm recorded before 
() and after () the injection of pellet from LT sensitized animals (LTp). After LTp 
injection, responses to test stimuli following brushing resulted more potentiated than 
before injection, as well as occurred after repetitive brushing (see Fig. 2B). (B) Curves 
describing the responses exhibited by naïves animals before and after injection of pellet 
from control leeches (Cp) did not differ each other. (C) Also the curves describing the 
responses exhibited by naïves animals before and after injection of surnatant from LT 
sensitized leeches (LTs) did not differ as well (D) curves describing the responses 
exhibited by naïves animals before and after injection of surnatant from control leeches. * 
p < 0.05, Two Way RM ANOVA for treatment and Fisher’s post-hoc test. 
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The potentiation was not observed in naïve animals (n = 10, Fig. 4-
5C) injected with surnatant of leeches treated with 10 µM CY (before 
injection, , Lm: 1.18 ± 0.06 seconds; stimulus 1: 0.86 ± 0.05 
seconds; stimulus 2: 0.87 ± 0.06 seconds; stimulus 3: 0.86 ± 0.06 
seconds; after injection, , Lm: 1.14 ± 0.03 seconds; stimulus 1: 0.87 
± 0.05 seconds; stimulus 2: 0.85 ± 0.05 seconds; stimulus 3: 0.86 ± 
0.05 seconds; Two Way RM ANOVA for treatment, F1,18 = 0.013, p = 
0.91); and naïve animals (n = 10, Fig. 4-5D) injected with surnatant of  
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Fig. 4-5: Physiological effect of pellet from LT trained animals in presence of CY in 
naïves leeches. (A) The curves plot the inverse of latencies normalized to the inverse of 
Lm recorded before () and after () the injection of pellet from LT trained leeches 
which also received 10 µM CY as in Fig. 3 (LTp). After LTp injection, responses to test 
stimuli following brushing did not result potentiated. (B) Curves describing the responses 
exhibited by naïves animals before and after injection of pellet from LT trained animals 
which received saline solution. Leeches exhibited a potentiation of responses after 
brushing as in Fig. 2B. (C) The curves describing the responses exhibited by naïves 
animals before and after injection of surnatant from LT trained leeches which received 10 
µM CY (LTs) did not differ as well (D) curves describing the responses exhibited by 
naïves animals before and after injection of surnatant from LT trained leeches which 
received saline solution. * p < 0.05, Two Way RM ANOVA for treatment and Fisher’s 
post-hoc test. 
 
 
leeches treated with saline solution (before injection, , Lm: 1.12 ± 
0.02 seconds; stimulus 1: 0.84 ± 0.04 seconds; stimulus 2: 0.83 ± 0.03 
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seconds; stimulus 3: 0.84 ± 0.04 seconds; after injection, , Lm: 1.11 
± 0.02 seconds; stimulus 1: 0.83 ± 0.04 seconds; stimulus 2: 0.85 ± 
0.04 seconds; stimulus 3: 0.85 ± 0.05 seconds) exhibited responses 
before and after injection quite comparable (Two Way RM ANOVA 
for treatment, F1,18 = 1.05, p = 0.32). 
 
 
4.5 CHROMATOGRAPHIC ANALYSIS OF HOMOGENATE 
PELLETS 
 
Homogenate pellets from LT sensitized and control animals were 
injected in SEC column in order to (i) evidence eventual differences in 
the chromatographic elution pattern, (ii) to collect 1 mL fractions in 
order to investigate an eventual physiological response associated with 
each fraction. The analysis was replicated on n = 7 experiment.  
Figure 4-6A shows representative size exclusion elution pattern of 
homogenate pellets from LT sensitized and control animals. 
Absorbance chromatograms at 280 nm showed differences of the 
intensities of the peaks at 5.42, 7.89 and 9.18 minutes retention time. 
These differences were evident also in the difference chromatograms 
obtained by subtracting the elution profile of control pellets from that 
of LT sensitized pellets (Fig. 4-6B). 
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Fig. 4-6: SEC analysis. (A) Size exclusion absorbance chromatograms of homogenate 
pellets from LT sensitized (red line) and control (black line) leeches. The fraction 
between 9 and 10 minutes that gives a physiological response (see below) is evidenced 
(dashed line). Inlet: a portion of SEC column calibration plot (retention time vs. log 
MW). (B) Difference SEC chromatograms (LT sensitized-control) from two different 
experiments. 
 
On the basis of SEC column calibration these retention time 
corresponded to higher molecular weight (MW) compounds (> 50 
kDa, the peak at 5.42 minutes), compounds with MW around 17 kDa 
(the peak at 7.89 minutes) and around 11 kDa (the peak at 9.18 
minutes).   
Single fraction collected in the range between 5 and 12 minutes after 
the chromatographic injection of pellets from control and LT 
sensitized animals was collected and summarized in Table. 4-1 where 
the corresponding MW are indicated. 
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Tab. 4-1. Fraction collected in the range between 5 and 12 min after the injection in SEC 
columns of pellets from LT sensitized and control animals. In bold are the fractions 
corresponding to the peaks with different intensities in absorbance chromatograms at 280 
nm. 
 
 
4.6 EFFECTS OF SINGLE FRACTIONS COLLECTED BY SEC 
ON SENSITIZATION INDUCTION 
 
Each single fraction collected by SEC was tested in naïves animals. 10 
groups of 7 leeches were subjected to a BT sensitization and the 
responses to three test stimuli delivered at 5, 10 and 15 minutes after 
brushing were recorded. Then each group were injected with a single 
fraction, containing all the proteins in that specific weight range 
present in the pellets analyzed, administered in two injection each one 
of 150 µl/g weight and 1 hour later a second sensitization session was 
performed.  
Figure 4-8 shows the responses of animals injected with fraction 1 
(Fig. 4-7A), fraction 5 (Fig. 4-7B) or fraction 8 (Fig. 4-7C), of pellets 
from LT sensitized, corresponding to the peaks at 5.42, 7.89 and 9.18 
minutes retention time were plotted. The injection of fraction 1 
(before injection, , Lm: 1.17 ± 0.14 seconds; stimulus 1: 0.71 ± 0.08 
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seconds; stimulus 2: 0.76 ± 0.18 seconds; stimulus 3: 0.75 ± 0.09 
seconds; after injection, ●, Lm: 1.13 ± 0.14 seconds; stimulus 1: 0.74 
± 0.08 seconds; stimulus 2: 0.74 ± 0.10seconds; stimulus 3: 0.77 ± 
0.10 seconds) and 5 (before injection, , Lm: 1.20 ± 0.08 seconds; 
stimulus 1: 0.91 ± 0.11 seconds; stimulus 2: 0.98 ± 0.11 seconds; 
stimulus 3: 0.90 ± 0.11 seconds; after injection, ● , Lm: 1.14 ± 0.12 
seconds; stimulus 1: 0.87 ± 0.15 seconds; stimulus 2: 0.85 ± 0.14 
seconds; stimulus 3: 0.84 ± 0.13 seconds) did not significantly modify 
the induction of sensitization (Two Way RM ANOVA for treatment, 
F1,12 = 0.0001, p = 0.99; Two Way RM ANOVA for treatment, F1,12 = 
0.09, p = 0.77 respectively), whereas the injection of fraction 8 
induced a significant potentiation of the responses after brushing (after 
injection, ●, Lm: 1.08 ± 0.12 seconds; stimulus 1: 0.62 ± 0.12 
seconds; stimulus 2: 0.62 ± 0.12 seconds; stimulus 3: 0.64 ± 0.12 
seconds in comparison with that measured before injection (before 
injection, , Lm: 1.39 ± 0.11 seconds; stimulus 1: 1.14 ± 0.11 
seconds; stimulus 2: 1.10 ± 0.12 seconds; stimulus 3: 1.144 ± 0.15 
seconds); Two Way RM ANOVA for treatment, F1,12 = 13.4, p = 
0.003; Fisher’s post-hoc test p < 0.01 for all stimuli, p > 0.05 for Lm).  
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Fig. 4-7. Effects of single fractions collected by SEC analysis on sensitization induction 
in naïves leeches. (A) The curves plot the inverse of latencies normalized to the inverse of 
Lm recorded before () and after (●) the injection of fraction 1 obtained by SEC 
analysis. The potentiation of responses after brushing resulted comparable. (B) Also the 
curves describing the responses of leeches injected with fraction 5 show a potentiation 
after brushing comparable before and after injection. (C) After injection of fraction 8 
leeches exhibited a potentiation of responses following brushing greater than the one 
exhibited before injection. * p < 0.01, Two Way RM ANOVA for treatment and Fisher’s 
post-hoc test. 
 
 
The other fractions were tested, but they did not induce significant 
changes in the sensitization induction as well as fraction 1 and 5 (Fig. 
4-8). An analogous experiment was performed injecting each single 
fraction obtained from SEC separation of pellets from control animals 
(Tab 4-2). The results indicate that only the fraction between 9 and 10 
minutes (fraction 8) from pellets of LT sensitized leeches and 
corresponding to a MW of about 11 kDa gave a physiological 
response analogous to LT sensitization process. 
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Fig. 4-8 The fractions 2 (A), 3 (B), 4 (C), 6(D), 7 (E), 9 (F) and 10 (G) of pellets from LT 
sensitized animals, were tested but they did not induce significant changes in the 
sensitization induction 
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Fig. 4-9: Fraction 8 of pellets from control animals was tested but it did not induce 
significant changes in the sensitization induction  
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Tab. 4-2: Fractions 1, 5 and 8 of pellets from control animals were tested but they did not 
induce significant changes in the sensitization induction 
 
 
4.7 REVERSED PHASE CHROMATOGRAPHIC ANALYSIS 
Control and LT fraction 8 has been used for the following reversed 
phase chromatographic analysis (RPC). Control and LT fraction 8 
have been re-dissolved in 100 uL deionized water and vortexed and 
injected in RPC column (3 replicates for LT and 3 replicates for 
controls). 
Figure 4-10A,B shows absorbance chromatograms at 280 nm and 
fluorescence chromatograms of 11 kDa fraction collected from the 
homogenate pellets from sensitized animals (red line) and the 
corresponding fraction collected by injecting the homogenate pellets 
of control animals (black line).  
The peaks at 8.8, 20.42 and 21.10 minutes are clearly present in the 
absorbance chromatograms (Fig. 4-10A) and fluorescence 
chromatograms (Fig. 4-10A) of sensitized animals but not present in 
controls. 
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Fig. 4-10. Absorbance chromatograms at 280 (A) and fluorescence chromatogram (B) of 
11 kDa fraction collected from the homogenate pellets from sensitized animals (red line) 
and the corresponding fraction collected by injecting the homogenate pellets of control 
animals (black line). Samples have been diluted 1:1 in the eluent phase. 
 
 
UV spectrum of 8.8, 20.42 and 21.10 minutes peaks (Fig 4-11A, B, C) 
evidences the absorption at 275 nm typical of proteins. 
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Fig. 4-13. UV absorbance spectra of peaks at 8.8, 20.42 and 21.10 minutes. 
 
 
FTIR analysis of 11 kDa fraction shows spectrum in the 1800-1330 
cm-1 region of fraction collected from the homogenate pellets from 
sensitized animals after subtraction of FTIR spectrum of the 
corresponding fraction collected by injecting the homogenate pellets 
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of control animals (Fig. 4-14). The spectrum shows the Amide I (1855 
cm-1) and Amide II (1543 cm-1) peaks typical of proteins. 
 
Fig. 4-14. The spectrum shows the Amide I and Amide II peaks typical of proteins 
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5. DISCUSSION 
 
 In this work we have described a physiological and biochemical 
approach to the study of proteins involved in LT memory formation in 
H. medicinalis. Our data have suggested the involvement of proteins 
with low molecular weight (about 11 kDa) in the memory mechanisms 
of LT sensitization in the leech swimming induction.  
 The most extensive studies on elementary non associative 
learning processes have been carried out on simple reflex responses in 
invertebrates. These studies lead to the analysis of behavioral changes 
underlying learning, in parallel with the modifications occurring at 
cellular and molecular level (Antonov et al., 2001; Balaban, 2011; 
Burrell & Crisp, 2008;  Fields, 2011; Silverman-Gavrila, 2011).  
Herein, we studied a more complex behavior, the swimming induction 
in the leech H. medicinalis, by using an in vivo training paradigm that 
resulted in LT memory formation.  
One of the most reliable ways to elicit swimming in the leech is to 
activate, either mechanically or electrically, the mechanoreceptors 
responsive to touch (T) and pressure (P) cells. Leeches swim by 
undulating their flattened body up and down in the dorsoventral plane 
(Catarsi et al., 1990; Zaccardi et al., 2001; Scuri et al., 2007). The 
neural circuitry underlying swimming is well-known and consists of 
several elements that translate mechanical stimulation of the skin into 
rhythmic activity of the motor neurons (Brodfuehrer & Thorogood, 
2001). Weak electrical stimulation of the skin selectively activates 
tactile (T) sensory neurons (Scuri et al., 2007) and elicits rhythmic 
activity in motor nerves (Kristan et al., 2005). 
Previously, the analysis of simple form of non-associative learning, 
such as habituation and sensitization in the leech swimming induction, 
 71 
has led to identify several molecular mechanisms at the base of BT 
learning (Zaccardi 2004, 2012).  
 In this study, for the first time, we have induced LT learning. In 
agreement with Zaccardi et al., (2001), we estimated the baseline 
behavioral response to a neutral test stimulus (weak electrical 
stimulus), by calculating the average of four responses obtained by 
subjecting the animals to four threshold stimuli at irregular intervals. 
A nociceptive stimulation (brushing) was then applied and resulted in 
an enhancement up to 30% of the baseline response. This potentation 
of behavioral response lasted for 40 minutes, after the nociceptive 
stimulation, indicating that ST sensitization had been induced (see 
Section 4.1). After a similar sensitization session, the noxious 
stimulation was repeated daily for four consecutive days. In the 6th 
day, during a second sensitization session, the stimulation produced an 
enhancement up to 60% of the baseline response after brushing. This 
increase in the test stimulus response was significantly greater than the 
one obtained during the first sensitization session. This potentiation of 
the response lasted 24 hours, indicating that LT sensitization occurred 
(see Section 4.1).  
 As a response index, we considered the latency, i.e. the interval 
time between the application of the test stimulus and the onset of a 
leech swimming cycle, rather than the duration of the swim episodes. 
Since latency and duration have an analogous trend, we preferred to 
analyses the latency of swim induction for two main reasons. First, in 
different animals this parameter was less variable than swimming 
duration. Second, latency allowed us to study the induction of swim, 
which is triggered by stimulation of sensory cells and activation of 
pattern generating neurons. 
Similar effects regarding sensitization were described in other 
experimental models like terrestrial snail (Balaban & Bravarenko, 
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1993; Gainutdinova et al., 2001) and Aplysia californica (Antzoulatos 
et al., 2006; Michel et al., 2002).  
 In our study, during a LT sensitization training, daily injections 
of CY (see Section 4.2), after nociceptive stimulation (which normally 
leads to a significant LT memory), impaired the LT performances 
compared to control animals. This deficit can be explained only in 
terms of drug-induced amnesia, because no sign of discomfort (such 
as increase/decrease of motor activity level or physiological 
abnormalities) was recognizable in treated animals.  
CY is known (Gale et al., 1981) to inhibit translation of mRNA 
(initiation, translocation and steps of elongation processes), and our 
data indicate for the first time in H. medicinalis that ex novo protein 
synthesis is an essential event for LT sensitization. Thus, it is likely to 
hypothesize that proteins are involved in LT memory mechanism also 
in our experimental model. 
Our results are coherent with earlier researches carried out in different 
animal models and in various behavioral tasks, in which it has been 
shown that LT memory formation requires the production of new gene 
products. In Hermissenda (Crow et al., 1997; Epstein et al., 2003) and 
Lymnaea stagnalis (Sangha et al., 2003), it was shown that either the 
translation inhibitor anisomycin or the transcription inhibitor 
actinomycin-D could be used to block LT memory. In Crab 
Chasmagnathus  (ME, 1995) and Sepia officinalis, treatments with 
CY impaired LT non-associative learning. 
 The simple anatomical structures of the leech allowed us, after 
the training, to rapidly dissect out the entire ganglionic nerve cord, 
which was then sonicated, and finally separated in pellet and surnatant 
by centrifugation. This allowed us to establish the role of these two 
fractions (pellet and surnatant) in the physiological response and to 
give a chemical characterization of their protein content. 
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Our results obtained by SDS-PAGE analysis evidenced that ex novo 
protein synthesis was involved in LT memory. In both pellets and 
surnatants obtained from LT sensitized animals, there were low 
molecular weight proteins (7-17.5 kDa MW) that were not found in 
pellets and surnatants of control animals (see Section 4.3).  
After a single sensitization session, surnatants and pellets from both 
LT sensitized and control animals were injected in naïve animals. 
Only the animals injected with pellet obtained from LT trained 
animals showed a physiological effect. In these animals, the brushing 
delivered after LT pellet injection produced an enhancement up to 
60% of the baseline response, similar to the one exhibited by LT 
sensitized animals. These results suggested a transfer of learning from 
trained animals to naïve animals. Previously, similar results have been 
obtained by Rosenblatt et al. (1965) who injected extracts from the 
brain of trained rats in naïve rats. As results, the naïve animals learned 
more rapidly a wide variety of tasks, including classical conditioning, 
operant conditioning, and discrimination tasks, with both positive and 
negative reinforcement, which resulted susceptible to transfer 
specifically to the learned task. 
Moreover, our results indicated that proteins present only in the pellet 
from LT trained leeches are involved in LT learning. 
This hypothesis was confirmed by experiments in which naïve 
animals were injected with pellets or surnatants from LT sensitized 
animals daily injected with CY or with saline solution. Only the 
animals injected whit pellets from LT sensitized animals that were 
daily injected with saline solution, showed a potentiation of the 
response to the test stimulus analogous to that observed after LT 
sensitization training. In these animals, a nociceptive stimulation, after 
injection, produced an enhancement up to 60% of the baseline 
response similar to the one exhibited by LT sensitized animals. No 
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increase in the response was observed in animals injected with pellet 
from LT sensitized animals that daily received CY. This result further 
confirmed that one or more proteins present in LT pellet are involved 
in LT learning. 
 SEC analysis (see Section 4.5) helped us to further characterize 
and screen the proteic components of pellet from LT sensitized 
animals. The results showed that only one protein fraction, 
corresponding to about 11 kDa MW, had a physiological effect if 
injected into naïve animals. The same 11 kDa fraction obtained from 
control animals did not give any potentiation.  
 Control and LT fraction 8 have been used for the following 
reversed phase chromatographic analysis. RPC analysis confirmed 
that fraction 8 from LT animals contains proteins that were not present 
in the control. 
RPC analysis showed three principal peaks. The peaks at about 8.8, 
20.42 and 21.10 minutes are characteristic of fraction 8 from LT 
animals. Both peaks showed a protein typical UV spectrum, with a 
maximum at 275 nm. 
The peaks around 20.42 and 21.10 minutes showed also a signal in the 
fluorescence chromatogram.  
 Our findings concerning proteins with a molecular weight of 
about 11 kDa are in agreement with previous observations. Recently, 
several proteins involved in LT learning have been studied and 
identified. In the snail Lymnaea stagnalis, 19 proteins involved in LT 
memory were identified by mass spectrometry (Rosenegger et al. 
2010). Other authors found in mice hippocampal neurons a protein 
with a molecular weight between 10 and 14 kDa, corresponding to the 
light chain of dynein, a motor protein involved in the transport of the 
transcription factor NF-kB to the nucleus during memory 
consolidation (Mikenberg et al., 2007). 
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. In conclusion, physiological studies based on behavioral trials 
in H. medicinalis, SDS-PAGE and chromatographic analysis of 
homogenate tissue of ganglionic cords dissected out from LT trained 
and control animals, allowed us to suggest the involvement of 11 kDa 
proteins in the LT molecular mechanisms. Work is currently in 
progress to further characterize these 11 kDa proteins from the 
chemical and biochemical point of view. 
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